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S U M M A R Y
This thesis descr ibes work carr ied out mainly on the uredinial 
stage o f  the l ea f  rust fungi o f  t em pe ra t e  cerea ls ,  compr is ing  the brown 
rusts o f  barley,  rye and wheat  as wel l  as oat  crown rust and the wheat 
and barley ye l low  rusts.
The taxonomic  posit ion o f  these pathogens was invest igated  in 
colony growth studies carr ied  out under contro l l ed  condit ions,  with an 
emphasis on characters which w ere  independant o f  c e r ea l  host factors.  A 
c lear morpho log ica l  distinct ion could be made be tween  oat  crown rust, 
wheat brown rust, barley brown rust, rye  brown rust and the ye l l ow  
rusts o f  wheat and barley .  How eve r ,  no dist inct ion apart  f rom  the  host
range could be made be tween  whea t  and bar ley ye l l ow  rust.
In culture exper iments  the isolates were  t es ted  for  their  ab i l i ty  
to g row  on de tached leaves  o f  their  host plants, and some o f  the
iso lates w ere  used in axenic culture studies. A l l  the iso lates showed
ident ica l  v irulence patterns on detached  leaves as on whole host 
plants. None o f  the isolates tes ted  could be maintained in axenic 
culture.
Cy togene t i ca l  character is t ic s  w ere  studied in some o f  the rust 
isolates.  The d ikaryot ic  binuc leate  condit ion preva i led  in al l  isolates 
up to  the stage o f  s tomata l  penetrat ion .  A t t em p ts  to  obtain 
hybridisation be tween  d i f f e ren t  races o f  wheat  y e l l ow  rust fa i led.
Quant i ta t ive  aspects o f  co lony  growth and deve lopm ent  w ere  
inves t igated  in a ser ies o f  studies in contro l l ed  conditions.
D i f f e rences  in response to inoculum density w e r e  observed in 
exper iments  with barley  brown rust and ye l l ow  rust and w ere  re la ted  to
the d i f f e ren t  patterns o f  ep idem ic  deve lopment  o f  these tw o  species.  
The colony growth patterns o f  the ce rea l  l e a f  rusts in host and 
non-host relationships showed strong host p re fe rence .  H ow ever ,  
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C H A P T E R  1
Genera l  introduct ion
A m ong  the c e r ea l  pa thogens the rust fungi, compr is ing  the order 
Uredinales,  present the most in teres t ing  and e c o n o m ic a l l y  impor tan t  
group. B io log ica l l y  they a re  remarkab le  through thei r  c o m p l i c a t e d  l i f e  
c y c l e ,  their  ob l iga te  b io t roph ic  ex i s t en ce  and thei r  host sp ec i f i c i t y .
A cco rd ing  to Savi ie  (1984)  the re  are 10 d is t inct  rust spec ies 
a t tack ing  cerea ls ,  six o f  which are  spec ia l ised  on the t e m p e r a t e  genera  
o f  oats,  ba r ley ,  whea t  and rye.  These six spec ies can be c lass i f i ed  
into tw o  groups,  the s tem rust diseases caused by Pucc in ia  gramin is  and 
the l e a f  rust fungi, compr is ing  oa t  c row n  rust ( Pucc in ia  c o r o n a t a ), 
barley  brown rust ( Pucc in ia  ho rde i ) , rye  brown rust ( Pucc in ia  
r e cond i t a ), wheat  and bar ley  y e l l o w  rust ( Pucc in ia  s t r i i f o rm is ), and 
whea t  brown rust ( Pucc in ia  t r i t i c in a ). With the ex c ep t i o n  o f  P. s t r i i ­
f o rm is , the l e a f  rusts have  a c o m p l i c a te d  l i f e  c y c l e  invo lv ing  an 
a lt e rnat ion  be tw een  tw o  sy s te m a t i c a l l y  v e r y  d i f f e r e n t  host plants 
t oge ther  with a regular change b e tw ee n  a m onokaryo t i c  hapioid and a 
d ikaryo t ic  status with f i v e  d i f f e r e n t  spore stages (Gaeumann, 1949;
Fig. 1.1). In the spring te i iospores ,  which o v e r w in t e r e d  on st raw, 
g e rm ina te  to  fo rm  the basidiospores (des ignated  s tage  " IV" ) .  When these 
make c o n ta c t  with young l eaves  o f  the a l t e rn a t e  host plant they  
ge rm ina te  and fo rm  a hapioid myce l ium  which leads t o  the  f o rm a t io n  o f  
pycniospores or spermat ia  (spore gene ra t ion  "0" ) . A f t e r  d ikaryot isa t ion  
(p lasmogamy),  which invo lves  the  pycniospores  (C ra i g i e ,  1927), 
special ised r e c e p t i v e  organs o f  the fungus and o f t e n  insect  v e c to r s
(Bulier, 1950; L i t t l e f i e l d  <5c Heath,  1979), la ter  in the spring, another 
spore genera t ion ,  the aec iospores  ( " I " ) ,  is f o rm ed  on the a l t e rn a t e  
hosts. These  spores a re  d ik a ryo t i c  and cannot  i n f e c t  the a l t e rn a te  
hosts any more.  They  a re  normal ly  a i r -borne  and lead to the d e ve lopm en t  
o f  a d ikaryo t ic  myce l ium  on the main host. The a l t e rn a t e  and main hosts 
and the d i f f e r e n t  stages in the l i f e  c y c l e s  o f  the c e r e a l  l e a f  rusts 
are presented in Fig .  1.1.
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Fig. 1.1 The l i f e  c y c l e  o f  the c e r ea l  l e a f  rusts on main and a l t e rn a t e  
hosts.
During the summer the d ika ryo t ic  m yce l ium  leads to the f o rm a t ion  o f  
urediniospores (spore genera t ion  " I I " ) ,  which a re  the main means o f
propagat ion for the fungus, as this spore stage can be r ep ea ted  many 
t imes  in favourab le  condit ions.  Towards  the end o f  the summer  the 
d ikaryo t ic  myce l ium  in the main host produces the c h a ra c t e r i s t i c a l l y  
t w o -c e l l ed ,  thick wa l l ed  te l i ospores  ( g enera t ion  " I I I " ) ,  the  o v e r w in ­
ter ing spores for  the next  season. During the la te  autumn the tw o  
nuclei  in each  te l io spore  c e i l  fuse to  f o rm  a diplo id nucleus. With the 
germinat ion  o f  the t e l i o spore  in the next  spring, the nucle i  undergo 
reduct ion div is ion and four m onokaryo t i c  haploid basid iospores  are  
fo rmed. And here  begins the c y c l e  anew. An a l t e rn a t e  host, pycn ia  or 
a e c ia ,  have  not y e t  been found fo r  P. s t r i i f o r m is .
The e co n o m ic a l l y  most s ign i f i can t  and also the most  w idespread 
spore s tage  o f  the c e r e a l  rusts is the  urediniospore  stage .  It is 
important  that  a c l e a r  dist inct ion  b e tw ee n  d i f f e r e n t  rust spec ies  can 
be made:  whi le  know ledge  o f  the host plant on which urediniospores
have been found is not  a lways  su f f i c i e n t  fo r  a d e f in i t e  de te rm in a t ion ,  
the f i v e  l e a f  rust spec ies d i f f e r  s l ight ly  in thei r  morpho logy  and 
m icroscop ic  examinat ion  can r ev ea l  their  iden t i ty .  In Chapte r  2 
taxonom ic  aspects  o f  the l e a f  rusts in thei r  urediniospore s tage  are 
discussed.
A  b io log ica l ly  in te res t ing  f e a tu re  is the  ob l i ga t e  b io trophy  o f  
rusts. This means that  these fungi , s im i lar  to  the downy  m i ldews  and 
the powdery  mildews ,  can g row  only in the p resence  o f  l iv ing  host 
tissue. Only r e la t i v e l y  r e c en t l y  (W i l l iams e t  a l . , 1967) has i t been 
possible to  g r o w  m embers  o f  this order  in axen ic  cu lture,  and many 
rusts st i l l  resist  the a t t em p ts  o f  sc ient is ts to  g r o w  them  in v i t ro .  
Grow ing parasites in the absence  o f  thei r  hosts has a number o f  
in teres t ing  impl i ca t ions  (Wi l l iams,  198^): f i r s t l y  in studying
phys io log ica l ,  g en e t i c a l  and m orpho log ica l  aspects o f  the paras ite  
alone and secondly  in ca r ry ing  out ex pe r im en ts  concern ing  these 
aspects.  Quest ions on the cu l ture  o f  rusts, including expe r im en ts  
a imed at  the es tab l ishment  o f  axen ic  cu lture,  a re  cons idered  in 
Chapter 3.
The c e r e a l  rusts a re  highly spec ia l i sed  on the i r  hosts. No t  only 
is their  d e v e l op m en t  r e s t r i c t ed  to  a r e i a t i v e l y  smal l  number o f  host 
species,  both as main and a l t e rn a t e  hosts (Wahl e t  a l . , 1984), but they 
also show spec ia l i sat ion  on d is t inct  host cu lt iva rs  ex is t ing  as a g r ea t  
number o f  phys io log ic  races.  These  a re  m orpho log ica l l y  iden t ica l  fo rms 
o f  a rust spec ies which show d i f f e r e n c e s  in their  v i ru lence  pat te rns  on 
d i f f e r e n t  host cu lt ivars .  Phys io log ic  races  w e r e  f i r s t  d is cov e red  in 
the wheat  s tem  rust fungus P. gramin is (Stakman Sc P i e m e is e l ,  1917; 
Hoerner ,  1919) and la te r  in o ther  c e r e a l  rusts (Mains,  1926; Mains Sc 
Jackson, 1926; Al l ison & Isenbeck,  1930; Gassner Sc Straib,  1932a).
Flor  (1942)  proposed a m ode l  for  the g e n e t i c a l  background o f  phys io ­
log ic  race  d i f f e r e n t ia t i o n ,  known as the  gene  fo r  gene  hypothesis .  It 
says that host genes  fo r  res is tance  to a disease a re  m e t  and o v e r c o m e  
by sp ec i f i c  v i ru lence  genes in the parasi te .  This hypothesis has been 
found true in many hos t-pathogen in te rac t ions  (F io r ,  1971) and is 
recogn ised  by the plant breeders  who may  a im to  com b ine  spec i f i c  
res istances.  Y e t ,  the rust paras ites have  also means o f  r ecom bina t ion  
in their  v i ru lence  st ructure,  and i t  has been rep o r ted  (Bay les Sc 
Thomas,  1984) that  new res is tance  combina t ions  in c e r e a l  v a r i e t i e s  have  
been o v e r c o m e  by the rust in r e l a t i v e l y  short  t im e .  Mechanisms o f  
recombinat ion  phenomena  in the paras ites a re  b io lo g i ca l l y  in te res t ing  
and e c on om ic a l l y  r e l e van t .  Some aspec ts  o f  these phenomena are  dis­
cussed in Chapter  4.
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Although many studies have  been ca r r i ed  out on the phys io iog ica l  
f a c to rs  a f f e c t i n g  c e r e a i  rust fungi  and their  host re lat ionships ,  there  
is st i l l  a need to  deve lop  further our kn ow ledge  on these aspects.  
Chapter  5 is concerned  with  phys io log ica l  studies r e la t ing  to  spore 
germ inat ion ,  the e f f e c t  o f  inoculum density on subsequent spore 
product ion and the d e v e l o p m en t  o f  rust fungi on hosts and non -  hosts.
A pa r t  f rom their  b io log ica l  in teres t  the c e r e a l  rust fungi  are  
ve ry  impor tan t  e c o n o m ic a l l y  as the causal  organ isms o f  ser ious diseases 
o f  the wor ld 's  c e r e a l  crops.  One o f  the most  s e v e r e  c e r e a l  diseases 
until  this century  was black s t em  rust caused by  P. g ram in is . It was 
a lready known to the anc ient  Romans (Lehmann e t  a l . , 1937; Zadoks,  
1985), and some o f  the plant diseases ment ioned  in the Bible can be 
in te rpre ted  at  least  part ly  as this rust (e .g .  D eu te ronom y  28,22).
Even b e fo r e  the d is cove ry  o f  the  l i f e  c y c l e  o f  P. gramin is  by de Bary 
in 1866 (Schafer  e t  a l . , 1984), the use o f  sani tary  measures  with the 
e rad ica t ion  o f  its a l t e rn a t e  host, the barberry ,  was in troduced  ( L e h ­
mann et  a l . , 1937) and, t o g e th e r  with  the e x t e n s i v e  use o f  g e n e t i c a l  
res is tance,  this rust has b e c o m e  second in im por tan ce  on a wor ld  scale 
behind the w hea t  brown rust caused by P. t r i t i c ina  (Ches te r ,  1946; 
Samborski,  1984; Saari & P r e s co t t ,  1984). The y ie ld  losses caused by 
rusts a re  substantial  (Batts & El l io t ,  1952; Do l ing  & Doodson, 1968;
King <5c Po i i ey ,  1976; Singleton e t  a l . , 1982; Shteinberg e t  a l . , 1984) 
and t h e r e f o r e  g r ea t  e f f o r t  is be ing  inves ted  in to  thei r  con tro l .  This 
can be a ch ie ved  by breed ing  fo r  res is tance ,  im p ro v e m e n t  o f  ch em ica l  
con tro l  measures using fung ic ides  and crop  husbandry measures.  To 
ensure max imum success in d isease co n t r o l  a good k n ow ledge  o f  the 
biology  o f  the paras ites invo l v ed  is necessary .  The  present  studies
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are  a imed to  prov ide  further in fo rma t ion  on the t ax o n o m ic  posit ion o f  
the c e r ea l  l e a f  rusts, thei r  culture,  thei r  c y t o g e n e t i c a l  propert ies ,  
their  phys io log ica l  requ irements  and g row th  and d e ve l o p m en t  c h a r a c t e r ­
ist ics.
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C H A P T E R  2
Taxonom ic  studies 
Introduct ion:
The s y s tem a t i c  c la ss i f i ca t ion  o f  fungi at  the spec ies  l e v e l  is 
based mainly on m orpho log ica l  data,  as phys io log ica l  proper t i es  and 
breeding behaviour cannot  be p reserved  in herbar ium spec imens.  The 
b io trophic l i f e  s t y le  o f  the rust fungi  has led to tw o  l ines o f  
thought, one emphasis ing the host range at  the spec ies l e v e l  t o g e th e r  
with morpho log ica l  charac ters ,  the o ther  re ly ing  only on the morpho­
log ica l  f ea tures  i r r e sp ec t i v e  o f  the host on which the fungus occurred .
The spec ies  concep t  with both approaches  is a r t i f i c i a l  and it is 
quest ionable how far they can r e f l e c t  p h y io gen e t i ca l  re lat ionships.
Since the beginning o f  the century  unti l  the 1960s, the aim o f  
most researchers  was to f ind taxonom ic  units in the rust fungi which 
could be descr ibed  by the ir  host range as w e l l  as their  morpho logy .
Thus many new  rust spec ies w e re  recogn ised  as dis t inct  taxa ,  a l though 
their  m orpho log ica l  fea tures  w e r e  in some cases ind ist iguishabie and 
only quan t i ta t i v e  va r ia t ion  was ev id enced .  A  cu lm inat ion  o f  these 
studies was the book by Ernst Gaeumann (1959), "D i e  Ros tp i l z e  M i t t e l -  
europas".  In this publ icat ion  around 2000 rust spec ies  w e r e  descr ibed  
for  Cen t ra l  Europe.  Joining them into m orpho log ica l l y  and phys io log i ­
ca l ly  s imi lar  groups ( "Fo rm e n k re i s e " ) ,  he a ch ie ved  a sys tem o f  c l e a r  
d i f f e ren t ia t i on ,  once the host was iden t i f i ed .  This sys tem was based on 
an assumption o f  s t r i c t  host spec ia l isat ion .  Where ve ry  s im i la r  rusts 
appear on the same host,  as in the case  o f  whea t  and r y e  brown rusts on
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rye, d i f f e ren t ia t i on  is, h ow eve r ,  d i f f i cu l t .  In a more  r ecen t  book 
Wilson and Henderson (1966)  approached the British rust fungi  f rom  a 
purely m orpho log ica l  point  o f  v i ew ,  and descr ibed  only about 250 
species with a number o f  va r i e t i e s  and fo rm a e  spec ia les for  the British 
Isles. The present inves t iga t ion  was a imed  to exam ine  further f rom  
their  urediniai s tage  the s y s tem a t i c  posit ion o f  the c e r e a l  l e a f  rusts 
l isted be low :
Puccinia t r i t i c ina  Eriksson, whea t  brown rust (W B R )
P. s t r i i fo rm is  Westendorp,  whea t  and bar ley  y e l l o w  rust ( W Y R ,  B Y R )
P. hordei  Otth ,  bar ley  brown rust (BBR )
P. recondita  R ob e rg e  ex.  D esm e i l i e r ,  rye brown rust (R B R )
P. coronata  Corda,  oat  c rown  rust (O C R )
Mater ials  and methods:
Six iso lates o f  P. t r i t i c ina  (WBR) ,  10 iso la tes o f  P. s t r i i f o rm is  
( WY R )  and one o f  P. s t r i i f o rm is  (B Y R ) ,  four iso la tes o f  P. hordei  (BBR )  
and one each o f  P. r econd i ta  (R B R )  and P. co ronata  ( O C R )  w ere  
a r t i f i c i a l l y  inoculated onto  their  r e s p ec t i v e  hosts using a set  o f  
universal ly  suscept ib le  c e r ea l  cu l t iva rs .  Host  plants w e re  grown at 
14 _+ 2 °C  in com pos t  ( L ev ing to n 's  po tt ing  c o m p os t )  in 12 cm  pots for  
whole plant expe r im en ts  or in trays for  de tached  l e a f  expe r im en ts .  Host 
seedling leaves  w e re  used when they had ful ly  expanded (10 to  14 days 
a f t e r  sowing) .  A l l  plants w e r e  grown in spore f r e e  cab inets  and whole 
plants w e re  kept  under po ly thene  domes with a s l ight  pos i t i ve  air 
pressure to  avo id  con tam ina t ion  during the per iod o f  the  e x pe r im en t .
The g rowth  o f  true l eaves  was r em ov ed  at  2-day in terva ls  to avoid 
excess iv e  fo l i ar  g rowth  in the domes.  Spores o f  the  rust i so la tes  were  
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leaves  supported on ben z im id a z o l e  agar .  De tached  l eaves  w e r e  incubated 
at 14 + 1 °C  in g rowth  cab inets.  Samples f rom  both ex pe r im en ts  w e re  
taken a f t e r  var ious in terva ls ,  dried to  prov ide  herbarium spec imens or 
prepared for  exam ina t ion  using l ight  m icroscopy  (LM ) ,  f lu o res cence  
mic roscopy  (F M )  or scanning e l e c t r on  m ic roscopy  (SEM)  techniques 
(Append ix  2.1-2.3).  Th ree  main fea tures  w e r e  exam ined :  the sorus 
structure and spore ch arac te r i s t i c s ;  ge rm ina t ion  ch arac te r i s t i c s ;  
charac te r i s t i c s  o f  v e g e t a t i v e  structures  (hyphae,  haustor ial  mother  
cel ls ,  g rowth  pat te rns) .  The sorus s i z e  was measured a f t e r  the sori had 
stopped g row ing  (19 to  21 days a f t e r  inoculat ion ) .  The spore s i z e  was 
de te rmined  using vacuum dried spores.
Results:
The results o f  m orpho log ica l  examinat ions  a re  summar ised in 
Table 2.1.
Pucc in ia  co ronata  was distinguished f rom  the o ther  l e a f  rusts by 
the l ight  brown co lour  o f  its uredinlosori  ( P l a t e  2.1) and the
P la t e  2.1 Urediniosorus o f  P. co ronata  on oats ;  L M ;  X 80.
11
P la tes  2.2 - 2.11 P. co ronata .
P la te  2.2 Pe r iphera l  paraphyses and spores in urediniosorus;
FM;  ca i co f lu o r  stain; 
length o f  bar = 50  pm.
Pla te 2.3 Urediniospore  showing g e rm  pores (G P )  and c i rcu la r  r idges 
surrounding the spines;
5EM;
length o f  bar = 10 pm.
Pla te 2A  Germ ina t ing  ured in iospore on w a te r  aga r ;  unbranched g e rm  
tube with d isor ien ta ted  t ip ( <  );
SEM;
length o f  bar = 100 pm.
P la te  2 .5  Germ ina t ing  urediniospore on nutr ient agar ;  s l i ght ly  
branching g e rm  tube;  note  change  in g e rm  tube m orpho logy  (-4 );
LM; l ive ,  unstained;  
length o f  bar = 50  pm.
P la te  2.6 Germ ina t ing  ured in iospore on w a t e r  aga r ;  smal l  branch in 
g e rm  tube ( <  );
LM ;  l i ve ,  unstained; 
length o f  bar = 10 pm.
P la tes  2.7 & 2.8 Substomata l  ves ic l es  w ith  septa  ) and in f e c t i on  
hyphae ( IH) ;
FM ;  ca i co f lu o r  stain; 
length o f  bar = 10 pm.
P la te  2.9 Haustor ia l  m other  c e l l  (H M C ) ;  haustor ia l  neck (•* ); s tom a ta l  
guard ce l ls  ( * )  o f  host plant;
FM;  ca l co f iu o r  stain; 
length o f  bar = 5 pm.
P la tes  2.10 & 2.11 D ev e l op m en t  o f  urediniosorus:
P la te  2.10 10 days a f t e r  inoculat ion ;
P la te  2.11 18 days a f t e r  inoculat ion ;  secondary  urediniosor i  erupting









fo rmat ion  o f  sori which o f t e n  occurred  in smai l  groups. The sori w e re  
found to  be r e la t i v e i y  narrow but could reach a cons iderab le  length.  No 
paraphyses could be observed  inside the sori but a t  thei r  edges  hyphae 
were  some t im es  ex truded (P la t e  2.2). The spores w e r e  r e l a t i v e l y  small  
and pear shaped (P l a t e  2.3); the echinu lat ion  was ve ry  d is t in ct  and 
smal l c ir cu la r  r idges  surrounded e v e r y  spine. The  spores each  possessed 
9-12 germ  pores. The g e rm  tubes w e r e  most ly  unbranched ( P l a t e  2 A )  
apart  f rom occas iona l  smal l  branches (P la t es  2 .5  3c 2.6). The 
appressoria w e r e  the shor test  o f  those o f  a l l  the l e a f  rusts producing 
appressoria,  and the substomatai  ves ic les  w e r e  long and narrow (P la t es  
2.7 3c 2.8). Oa t  c row n  rust was found to spread r e l a t i v e l y  rapidly
inside host tissues. A t  f requent  in te rva ls  long and narrow haustor ial
mother  ce l ls  w e r e  fo rm e d  f r om  the the in te rce l lu la r  hyphae (P l a t e  2.9) 
which fo rm ed  a loose m yce l iu m :  the hyphae w e r e  the nar rowes t  o f  the 
rusts examined .  Short ly  a f t e r  the erupt ion o f  each  init ia l  sorus 
secondary  sori w e r e  fo rm ed  c lo se ly  a longside (P la t es  2.10 3c 2.11).
Pucc in ia  horde i , the brown or d w a r f  rust o f  bar ley ,  produced
sca t t e r ed  "rust "  brown sori  ( P l a t e  2.12) o f  sma l l  t o  med ium s i z e .  A  f e w
P la t e  2.12 Urediniosorus o f  P. hordei  on ba r ley ;  L M ;  X 10.
16
Pla tes  2.13 - 2 .2 k  P. hordei .
P la te  2.13 S ter i l e  hyphae protruding a t  sorus edge ;
FM; ca l co f lu o r  stain; 
length o f  bar = 10 pm.
P la tes 2.1 & 2.15 Early stages o f  spore g e rm ina t ion ;  g e rm  pores ( < ) - ,
germ  tube init ials ;
SEM;
length o f  bar = 10 pm.
P late  2.16 Young and mature  uredin iospores ;  no te  the c i r cu la r  r idges 
arround the spines;
SEM;
length o f  bar = 10 pm.
P la te  2.17 Germ ina t ing  ured in iospore on bar ley  l e a f ;  ini t ia l  secondary  
germ  tube ( * ) ;  g e rm  tube branches M  ); appressorium (A ) ;
SEM;
length o f  bar = 100 pm.
P la t e  2.18 Appressorium on bar ley  s toma;
SEM;
length o f  bar = 10 pm.
P la te  2.19 Substomata l  v e s i c l e ;  Septa (■« ) and in f e c t i on  hyphae (1H); 
FM; ca lco f luor  stain; 
length o f  bar = 10 pm.
P la te  2.20 Young  sorus; note  hyphal  co n g lom era t i on  and spore init ia ls  
( * ) ;
FM;  ca l co f iu o r  stain; 
length o f  bar - 100 pm.
P la te  2.21 In terce l lu lar  m yce l iu m  near sorus; haustor ia l  m other  c e i l  
( * ) ;
SEM;
length o f  bar = 10 pm.
P la te  2.22 Haustor ia i  mother  c e l l  at  host mesophy l l  c e l l ;
FM; ca i co f lu o r  stain; 
length o f  bar = 10 pm.












simple paraphyses could be observed and, at the ed ge  o f  each  sorus, 
hyphae protruded occas iona l ly  f r om  the myce l ium  (P l a t e  2.13) as was the 
case with P. c o ro n a ta . The spores w e r e  r e l a t i v e l y  smal l  in s i z e  and
ova l  or round in shape (P l a t e  2.14), each  with six to  e igh t  g e rm  pores
(P la t e  2.13). The echinulat ions o f  the spores w e r e  r e l a t i v e l y  w ide  with  
small  c i rcu la r  rings surrounding each  spine (P l a t e  2.16). The g e rm  
tubes o f  bar ley  brown rust w e r e  r e l a t i v e l y  short and a lways  branched,  
with the main branch normal ly  leading to the fo rm a t ion  o f  a la rge  
appressorium on the host's s toma (P la t es  2.17 & 2.18). Substomata l  
vesi c les  w e re  long itud ina l  and sep ta te ,  with normal ly  th ree  t o  four 
ce l ls  ( P l a t e  2.19). Pucc in ia  hordei  g r e w  s lowly  to  f o rm  a dense 
myce l ium  (P la t e  2.20) which can be seen surrounding the sorus in P la t e  
2.21. Hyphae had a med ium d ia m e te r  and produced many haustor ia l  mother  
ce l ls  (P la t e  2.22). Only occas iona l ly  did secondary  sori ar ise beside
the init ia l  sorus (P l a t e  2.23). Green island f o rm a t ion  was a ve ry
common phenomenon on bar ley  hosts ( P l a t e  2.24).
Pucc in ia  recónd i ta  g a v e  s c a t t e r ed  dark brown pustules on rye 
( P la t e  2.25). The sori  reached 0.8 X 2.7 m m and w e re  the  b ig ges t  within
P la t e  2.25 Ured in iosori  o f  P. recónd i ta  on rye;  L M ;  X 10.
22
Pla tes  2.26 - 2.32 P. recondita .
P la te  2.26 Paraphyses at  the sorus ed g e ;  young, im m ature  spores ( * ) ;  
SEM;
length o f  bar = 10 pm.
P la t e  2.27 Mature urediniospore;
SEM;
length o f  bar -  10 pm.
P la te  2.28 Germ ina t ing  uredin iospores ;  g e rm  tube branching 
dichotomously  ( <  );
LM; l ive ,  unstained; 
length o f  bar = 50 pm.
P la te  2.29 Young in fec t ion  on rye ;  spore ( * )  and appressorium 
SSV (■<); br ight staining ce l ls  are H M C ;
FM;  ca l co f lu o r  stain; 
length o f  bar = 100 pm.
P la te  2.30 Substomata l  ve s i c l e ;  septa  ( -4 ) ;  in f e c t i on  hyphae ( IH);
FM; ca lco f luor  stain; 
length o f  bar = 10 pm.
P la te  2.31 Haustor ia l  mother  c e l l  showing haustor ial  neck ( <  );
FM ;  ca l co f iu o r  stain; 
length o f  bar = 10 pm.
P la te  2.32 Secondary uredin iosori  around in it ia l  sori ( t w o  init ia l  





the c e r ea l  l e a f  rusts. In some combinat ions  many s imple  paraphyses 
could be observed  (P la t e  2.26). The spores w e re  r e l a t i v e l y  big, with
six to e igh t  g e rm  pores and thei r  echinu lat ion  pa t te rn  was the w ides t
within the rusts observed  in this study. The spines w e r e  again 
surrounded by smal l  c ir cular  r idges (P la t e  2.27). R y e  brown rust g e rm  
tubes were  found to be o f  med ium length:  they  so m e t im e s  branched 
dichotomously  ( P la t e  2.28). Appressor ia  de ve loped  on s t om a ta  (P l a t e  
2.29) and long, septa te ,  usually tw o - c e l l e d ,  substomatai  ves ic les  w e r e  
present ( P l a t e  2.30). In rye l eaves  a loose m yce l iu m  g r ew  a t  a med ium 
speed.  In terce l lu lar hyphae w e r e  r e l a t i v e l y  th ick .  The dens ity  o f  
haustor iai  mother  ce i ls  was low, part l y  because rye t issue possessed 
la rger  in terce l lu la r  c a v i t i e s  than the o ther  c e r e a l  hosts. Haustor ia i  
mother  ce l ls  w e r e  short and o f t e n  showed a dark spot when stained with 
ca l co f luor ,  presumably w here  the haustor iai  neck was f o rm e d  (P la t e  
2.31). The init ia l sorus was o f t e n  surrounded by a r ing o f  secondary
sori a short t im e  a f t e r  its erupt ion  (P la t es  2.25 & 2.32).
Pucc inia s t r i i fo rm is  on bar ley  and w hea t  d e ve loped  la rge  co lon ies  
in host leaves.  The sori w e r e  smal l  but jo ined t o g e th e r  long i tud ina l l y  
when the in fec t ion  matured,  f o rm ing  long and narrow  str ipes o f  a y e l l o w
P la te  2.33 Ured in iosori  o f  P. s t r i i fo rm is  on w hea t ;  LM ;  X 15.
26
P la tes  2.34 - 2.39 P. s t r i i fo rm is .
P la t e  2.34 Mature  uredin iospores o f  W Y R ;
5EM;
length o f  bar = 10 pm.
P la te  2.33 Young uredin iospores o f  B Y R ;  note  echinu lat ion  and ci rcu la r  
r idges ;
SEM;
length o f  bar = 10 pm.
P la te  2.36 G erm ina t ing  uredin iospore o f  B Y R  on bar ley  l e a f ;  note  the 
fa i lure  to  p en e t ra t e  the f i r s t  th ree  s t om a ta  encountered  (•* ) and the 
s i te  o f  pene t ra t ion  { * ) ;
FM; ca l co f lu o r  stain; 
length o f  bar = 100 pm.
P la te  2.37 S iom a ta l  pene t ra t ion  o f  B Y R  on bar ley  w i thout  appressorium 
fo rm a t ion ;
SEM;
length o f  bar = 10 pm.
P la te  2.38 F o rm at ion  o f  SSV (■< ) and in f ec t ion  hyphae ( * )  in W Y R ;  note  
also g e rm  pores in spore ( <  );
FM ;  ca i c o f lu o r  stain; 
length o f  bar = 10 pm.
P la t e  2.39 Runner hypha be tw ee n  host ce l l s ;  B Y R ;
FM;  ca l c o f lu o r  stain;  




to o range  co lour ( P l a t e  2.33). Barley  and w hea t  Isolates showed no 
observab le  m orpho log ica l  d i f f e r e n c e s  but w e r e  not com p at ib l e  with the 
r e s p ec t i v e  o ther  host. No paraphyses could be observed .  The spores w e re  
o f  med ium s i z e  and o f t e n  pear shaped (P la t e  2.34). The spore wa l l  was 
hyal ine,  so that the cy top la sm  de te rm in ed  the co lour .  Echinulat ion was 
r e l a t i v e l y  dense and the spines w ere  again surrounded by c ircular  
r idges (P l a t e  2.35). The number o f  g e rm  pores was seven to  nine ( to 
14). Y e l l o w  rust g e rm  tubes w e r e  v e ry  long and unbranched (P l a t e  2.36). 
They  en te red  the s t om a ta  o f  hosts d i r e c t l y  w ithout  fo rm ing  appressoria  
( P l a t e  2.37). Inside the subs tomata i  c a v i t y  a g lobular  ves i c l e  was 
fo rm ed  with  norma l l y  tw o  or th ree  in f e c t i on  hyphae branching o f f  (P la t e  
2.38). In the host l ea ves  P. s t r i i fo rm is  g r e w  ve ry  fast  and deve loped  a 
dense m yce l iu m .  The in te rce l lu la r  hyphae w e r e  la rge  in d ia m e te r  and 
runner hyphae o f  e v en  b ig g e r  dimensions g r e w  fo r  a long s t re tch  along  
the l e a f  ve ins (P l a t e  2.39). Haustor ia l  mother  ce l ls  w e r e  short and 
thick  (P l a t e  2.39).
Pucc in ia  t r i t i c in a , the brown l e a f  rust o f  whea t ,  produced 
dispersed,  ches tnut  brown pustules o f  med ium s i z e  ( P l a t e  2.40). 
Paraphyses and hyphae o f t e n  prot ruded f r om  the sori, e spec ia l l y  a t  the
P la t e  2.40 Urediniosor i  o f  P. t r i t i c ina  on whea t ;  LM ;  X80.
30
P la tes  2.41 - 2.48 P. t r i t i c ina .
P la t e  2.41 Simple paraphyses at  the sorus edge ;
FM;  ca l c o f lu o r  stain; 
length o f  bar = 10 pm.
P la t e  2.42 Lobed paraphyses t o g e th e r  w ith  s imple ones at  the sorus 
edge ;
SEM;
length o f  bar = 10 pm.
P la te  2.43 Mature  urediniospore;  note  the shape o f  c i rcu lar  r idges;  
SEM;
length o f  bar = 10 pm.
P la tes  2.44 - 2.46 Appressoria  and SSV.
P la t e  2.44 Form ed  outs ide  the host l e a f ;  g e rm  tube (GT ) ,  appressorium 
( * ) ,  SSV ( 4  ) and in f ec t ion  hyphae ( IH) ;
FM ;  ca l c o f iu o r  stain; 
length o f  bar = 10 pm.
P la t e  2.45 Formed  in host l ea f ;  g rm tube (GT ) ,  appressorium ( * ) ,  SSV 
( 4  ) and in f ec t ion  hyphae ( IH) ;
F M ;  ca l c o f lu o r  stain; 
length o f  bar = 50 pm.
P la t e  2.46 Appressorium (* ) ,  SSV ( 4  ) and in f e c t i on  hypha ( IH )  on 
host l ea f ;
FM ;  ca i c o f lu o r  stain; 
length o f  bar = 10 pm.
P la t e  2.47 Deep  focus o f  in f ec t ion  s i te ;  in f e c t i on  g row ing  into depth 
o f  l e a f  b e fo r e  spread ing la t e ra l l y ;  in f e c t i on  hyphae (IH) ;
FM ;  ca l c o f lu o r  stain; 
length o f  bar = 10 pm.
P la t e  2.48 Medium dense m yce l ium  spreading the who le  depth o f  the 
l e a f ;  adaxial  sxomata  ( 4  ), abaxial  s tom a ta  ( <  ); br ight  staining 
ce i ls  a re  H M C ;
F M ;  ca l co f lu o r  stain; 




sorus edges  (P l a t e  2.41) and som e t im es  paraphyses showed spec ia l  shapes 
(P l a t e  2.42). The uredin iospores w e r e  r e l a t i v e l y  la rge  and the dis tance 
b e tw ee n  neighbouring  spines o f  the spore echinulat ion  was smal l .  Each 
spine was surrounded by a c i rcu lar  r idge,  but som e t im es  these r idges 
jo ined to f o rm  a net-shaped s truc ture  (P la t e  2 A 3 ) .  The number o f  g e rm  
pores  per spore va r ied  f r om  seven (six ) to  nine. Germ  tubes o f  the 
whea t  brown rust w e r e  o f  med ium length.  They  w ere  unbranched when 
g e rm in a ted  on agar ( P l a t e  2.44), but f o rm ed  smal l  branches on wheat  
l eaves  (P la t e  2A 5 ) .  Appressoria  w e re  fo rm e d  on host s tom ata  and 
g lobu lar  substomata i  ves ic l es  with four to f i v e  in f ec t ion  hyphae w e r e  
produced (P la t e s  2.44, 2.45 ¿c 2.46). The rust deve loped  at  a med ium 
speed.  The co lon isa t ion  o f  the host t issue took  p lace  by sending 
in f e c t i on  hyphae deep into the mesophy l i  ( P l a t e  2 A 7 )  rather than 
spreading mainly c lose  under the ep idermis ,  as the o ther  l e a f  rusts 
did, and a dense m yce l iu m  g r e w  through the whole  depth o f  in f e c t ed  
leaves  (P l a t e  2.48). In fec t ion  hyphae w e r e  r e l a t i v e l y  narrow with 
haustor ia l  m other  ce i ls  o f  a med ium size.
Discussion:
The present  results show c l e a r  morpho log ica l  d i f f e r e n ce s  o v e r  a 
w ide  range o f  m orpho log i ca l  charac te rs  b e tw ee n  the in ves t iga ted  c e r e a l  
l e a f  rusts in their  uredinial  spore stage .  In the past only one worker ,  
Po le  Evans (1907), brought  into considerat ion  fea tures  such as the 
morpho logy  o f  appressoria  or subs tomata i  ves ic les  for  t axonom ica l  
purposes. O ther  workers  (Gaeumann, 1959; Wilson & Henderson,  1966; 
Urban, 1967; Cummins,  1971; Bartos, 1984 and Savi l e ,  1984) mainly 
emphasised f ea tures  l ike spore s i ze  or host range to establish the 
taxonom y  o f  c e r e a l  rusts.
The sorus s ize is ment ioned  by some workers (Po le  Evans, 1907; 
Gaeumann, 1959; and Wilson & Henderson,  1966), but it seems that this 
f ea tu re  is par t l y  d e te rm in ed  by the host plant tissue and by en v i r on ­
menta l  cond it ions.  The var ia t ion  within the  spec ies is r e la t i v e l y  
g r ea t ,  and only part  o f  any in t e r sp ec i f i c  d i f f e r e n c e s  may be a t t r ibuted  
to the fungal  g eno type .  In y e l l o w  rust the sorus s i ze  is l im i ted  by the 
r e l a t i v e  p rox im i t y  o f  ne ighbouring sori which is a result o f  the semi-  
s y s tem ic  co lon isa t ion  and the rapid g row th  o f  this fungus.
In paras ites l ike the brown rusts which produce sca t t e r ed  
pustules and g r o w  at a s low or med ium speed,  r e l a t i v e l y  la rge  pustule 
s i zes a re  c h a ra c t e r i s t i c :  the la rge  s i z e  g iv ing  la rge  numbers o f  spores 
may  be regarded  as compensa t ing  for  the f e w e r  sori in compar ison with 
y e l l o w  rust where  la rge  numbers o f  spores ar ise by the product ion o f  
fast  g row ing  co lon ies  o f  un l imited s i z e  with many sori f rom  single 
in fec t ions  (see Chapter  5).
A lthough the p resence  o f  paraphyses in uredin iosori  has been 
cons idered  un impor tant  taxonom ica i l y  (G rove ,  1913), this f e a tu re  was 
included in the present  study. Possibly only one o f  the ea r l i e r  des­
cr ip t ions o f  c e r e a l  rusts (Arthur ,  1934) ment ioned  paraphyses in the 
sori  o f  P. r econd i ta  and P. t r i t i c in a , whi le  va r iab le  observat ions  
appear  in the l i t e ra tu re  on other rusts. Cummins (1971) and Savi l e  
(1984) r epor t  f e w  or no paraphyses for  P. c o ro n a ta , P. hordei and P. 
s t r i i f o rm is ; Gaeumann (1959) and Wilson & Henderson (1966)  r epor t  the 
presence  o f  paraphyses in P. co ronata  only.  F rom  the present study, 
s imple  paraphyses,  which w ere  observed  with in sori o f  a l l  spec ies ,  
probab ly represent  non-funct iona l  spore ped ic e ls  which occur in ce r ta in  
env i ronm en ta l  cond it ions  only. T o ge th e r  w ith  the s te r i l e  hyphae pro t ru­
ding at  the per iphery  o f  the sorus they  can separate  the spore mass and
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prom ote  spore de ta ch m en t  in damp condi t ions .  More  dis t inct  paraphyses,  
as in WBR,  how ev e r ,  seem to represent  fea tures  o f  g r e a t e r  impor tance .  
Hiratsuka & Sato (1982) descr ibed seve ra l  types  o f  urediniosori  in 
re la t ion  to their  t axo nom ic  posit ion and the c e r e a l  l e a f  rusts can be 
c lassed  into tw o  o f  these ca t e go r i e s :  aparaphysate  and ca p i t a t e  para- 
physate.  Thei r  f o rm  o f  c la ss i f i ca t ion ,  however ,  would seem to be too 
rigid and, f r om  the e v id e n ce  o f  the present  work,  a l l  c e r ea l  rusts w e re  
found to d e ve lop  s imple  paraphyses l ike structures,  a t  least  in ce r ta in  
condi t ions ,  and P. t r i t i c ina  was approach ing  a ca p i t a t e  paraphysate  
fo rm .
A nother  ch a ra c t e r  o f  minor t axonom ica l  im por tance  is the spore 
co lour .  As it va r ies  f rom iso la te  to iso la te  and co lour mutants o f  
brown and y e l l o w  rusts have  been repo r ted  (Watson & Luig, 1968; Nayar  
e t  a l ., 1981; N ew to n  e t  a h , 1981), some caution is needed in its 
in te rp re ta t ion .  H o w e v e r ,  as a f i r s t  d i f f e r e n t i a l  ch arac t e r ,  the spore 
co lour  can be useful  in the f i e ld .  In y e l l o w  rust the spore wal l  is 
c o m p l e t e l y  devo id  o f  p igm en t  and the orange  co lour  or ig inates f rom  the 
cy top lasm .  The cy top lasm  i t s e l f  is thus unpro tec ted  aga inst  damage  
through rad iat ion .  This may  be one o f  the  reasons why, in s ingie spore 
inoculat ions,  y e l l o w  rust p e r f o rm ed  less successfu l ly  than the o ther  
l e a f  rusts. In the  o ther  rusts the  brown p igm en t  is loca ted  in the 
spore  wal l ,  and the  cy top la sm  has a l ight  orange colour .  This could 
prov ide  p ro tec t i on  aga inst  rad iat ion  damage .
The spore s i ze depends much on the w a te r  contents  o f  the spores 
and the methods o f  exam ina t ion .  The present invest iga t ions  showed that 
spores on w a te r  agar  w e r e  up to 5 0 %  b igger  in d ia m e te r  than vacuum 
dried spores.  A lso ,  the method o f  prepara t ion  and observat ion  in f luence  
the spore s i z e  g r ea t l y  (B ec k e t t  e t  a l . , 1984), a l though the method o f
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prepara t ion  and exam ina t ion  is not a lways ment ioned in the l i t e ra tu re :  
observat ions  in lac topheno l  w e re  carr ied  out by a number o f  
inves t iga tors  (Cummins,  1971; Savi le ,  1984; Po l e  Evans, 1907). The 
spore  s izes  repor ted  by these and other workers  w e r e  gene ra l l y  b ig ger  
than the results f r om  this study, but results o f  individual  workers 
d i f f e r .  The r e l a t i v e  s izes  o f  spores o f  the d i f f e r e n t  rusts, how eve r ,  
fo l l ow  roughly the same trend,  a l though sl ight ly  d i f f e r e n t  rankings are 
e v id enced  (Tab le  2.2). The im por tan ce  o f  the spore s i z e  for  the 
survival  o f  the fungus can be v i e w e d  in tw o  ways:  la rger  spores conta in  
m ore  r e s e rve  m a te r ia l  and thus g i v e  the fungus an advantage  in possibly 
longev i t y  and in the f i r s t  stages o f  in f ec t ion .  On the o ther  hand more 
m ate r ia l  is inves ted  into f e w e r  propagules,  and the t ranspor tat ion  in 
air currents and the ep id em ic  spread o f  b igger  spores is less 
e x te n s i v e .
The echinu iat ion  pa t te rn  o f  the rusts in this study was c lose ly  
l inked to the spore s izes ,  where  the number o f  spines on e v e r y  spore is 
roughly the same and the dis tance b e tw ee n  spines b e com es  a var iab le  o f  
the spore s i ze .  Only s ince the d e v e l op m en t  o f  the e l e c t r on  m ic roscope  
can prec ise  measurements  be made,  a l though Fischer (1904)  and more 
re c en t  workers  (Gaeumann, 1959; Wilson <5c Henderson,  1966; Savi le ,  1984) 
t e n ta t i v e l y  descr ib ed  this f ea tu re  f rom  l ight m ic roscop ic  studies. The 
presence  and shape o f  c i rcu lar  r idges (annul i)  is pa r t l y  due to remains 
o f  degraded  ex te rn a l  wai l  layers o f  the spores. The spines deve lop  
beneath  the p r im ary  wa i l  o f  im m ature  spores and are  pushed to the 
sur face  by subsequent deposi t ion o f  wal l  m a te r ia l  f r om  the p lasm a lem m a 
(A m erson  & Van Dyke ,  1978; L i t t l e f i e l d  & Heath,  1979). The pr imary  
ou te r  wal l  breaks open and erodes .  The f o rm a t ion  o f  ne t-shaped 
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prox im i ty  o f  the spines. The funct ion o f  the  ured in iospore echinu lat ion  
is to  f a c i l i t a t e  the spore ' s  a t t a c h m en t  to  host leaves  and possibly the 
a t t a c h m en t  o f  spores to one another ,  as in P. s t r i i f o rm is . Some 
a dvan tage  may  l ie  in increased f r i c t ion  when a ir-borne .
Apa r t  f rom  one ex cep t ion  (O C R ) ,  w here  the number o f  g e rm  pores 
va r ies  cons id erab ly  in the l i t e ra tu re ,  this f e a tu re  is repor ted  cons is ­
t en t l y  by al l  workers .  During g e rm ina t ion  al l  the g e rm  pores swe l l ,  but 
the  g e rm  tube is f ina l ly  f o rm e d  f r om  only one o f  them. Occas iona l ly  two  
g e rm  tube init ia ls  prot rude f rom  the spore during the f i rs t  hours o f  
germ ina t ion ,  but when the main g e rm  tube g row th  s tar ted  only one tube 
rema ined  (P la t e  2.17; see also Chapter  5).
The branch ing charac te r i s t i c s  o f  rust g e rm  tubes represent  an 
adapta t ion  to  the sur fa ce  topography  o f  the ir  hosts '  leaves  (Dickinson,  
1970; 1971; 1972). From the presented  da ta  i t  can be seen that  two  
s t ra teg ie s  have  e v o l v e d  to  obtain max imum e f f i c i e n c y  in f inding 
s t om a ta :  f i r s t ly ,  g e rm  tubes can g r o w  fo r  a long way  across the l e a f  
blade w ithout  branching.  Sooner or la te r  they  w i l l  c o m e  across one o f  
the host 's  s t om a ta  which a re  arranged in para l l e l  rows along  the lea f .  
This s t r a t e g y  was found in P. c o ro n a ta , P. s t r i i f o rm is  and P. t r i t i -  
c in a . Secondly,  the g e rm  tubes can branch in the p rox im i t y  o f  the 
germ ina t ing  spore to  f ind the neares t  s toma as could be observed with 
P. hordei  and P. r e c o n d i t a . Acco rd ing  to  the l i t e ra tu re ,  c e r e a l  rust 
g e rm  tubes do r e a c t  to  ch e m o t ro p i c  st imul i  (G ram b ow  <5c Re isener ,  1976) 
but the host l e a f  c u t i c l e  a lso prov ides a th igm o t rop ic  st imulus for  the 
g row th  across  the l e a f  (Johnson, 1934; Dickinson,  1949; Lew is  & Day,  
1972; Staples & Macko,  1984). The g e rm  tubes o f  all c e r e a l  l e a f  rust
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fungi  exam ined  in this study g r e w  across the l e a f  blade,  some short  and 
branching ( P. hordei  and P. r e c o n d i t a ) others  long and unbranched (P. 
co ronata ,  P. s t r i i fo rm is  and P. t r i t ic ina ) .
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C H A P T E R  3
Cul ture o f  c e r ea l  l e a f  rusts 
Introduct ion
When studying rust fungi  and o ther  ob l i ga te  parasites spec ial  
d i f f i cu l t i e s  ar ise f r om  the c o m p l i c a t e d  re la t ionship  b e tw een  the 
pa thogen,  the host, the disease and the in f luence  o f  env i ronm enta l  
condi t ions  on al l  th ree  fa c to r s .  L o e ge r in g  (1984) descr ibed  a mode l  o f  
this re lat ionship,  reproduced  be low :
One approach towards  an understanding o f  this sys tem is to in ves t i ga te  
the phys io log ica l  requ irements  and react ions  to env i ronm en ta l  changes 
o f  each  partner,  i .e.  host and parasi te ,  separa te ly .  This necess it a tes  
g row ing  the partners in isolat ion.  The g rowth  o f  the host partner  in 
con tro l l ed ,  a sep t ic  condi t ions  is r e l a t i v e l y  easy and has been des­
cr ibed  many t imes  (see for  e x am p le  M e t z l e r ,  1981; Chares e t  a l ., 1983). 
The g rowth  o f  rust fungi  in axen ic  condi t ions ,  h ow eve r ,  has been 
d i f f i cu l t :  a l though ear ly  expe r im en ts  with the cu lture o f  spermat ia  
(P lo w r igh t ,  1889) w e r e  successful ,  they  could neve r  be reproduced until  
r e c en t l y  (D em i  e t  a l ., 1982a, b). Unti l  the ea r ly  1950s, expe r im en ts  
with other s tages  in the l i f e  c y c l e  o f  the rusts, such as those o f  
Fuchs and G ae r tn e r  (1958), w e re  a lways  abandoned in fa i lure ,  a l though
Environment
P a t h o g e n  > Disease  (A eg r i co rpu s )  < Host
C o l l e y  (1918)  and Wright (1977)  repor ted  the cont inuing g rowth  o f  
p rom yce l ium  f rom  germ ina t ing  te l iospores  o f  Cronart ium r ib icola  and P. 
s t r i i f o rm is  r e spec t i v e l y .  Hotson 6c Cu t te r  (1951) repor ted  the g rowth  
o f  Gymnosporangium juniper i -v ir g in ianae in t issue cultures o f  rust 
galls f rom  Juniperus, and the subsequent axen ic  g rowth  o f  the pathogen 
apart  f rom  the host t issue. Al though this ear ly  success in axen ic  
cu lture was not co n f i rm ed  in a ia te r  paper (Hotson,  1953), and cons i ­
de rab le  c o n t rov e rsy  arose about its va l id i ty  (Sco t t  6c Maclean ,  1969), 
Cu t te r  (1959) c o n f i r m e d  the ea r l i e r  f indings and ex tended  them to other 
rust. Meanwhi le ,  o ther  workers mainta ined  dual tissue cultures o f  
i n f e c t e d  hosts (Bauch 6c Simon, 1957; Ture l  6c Led ingham, 1957), where  
the rust was a lways  dependent  on l iv ing host tissue.
A  major  breakthrough in the axen ic  cu lture o f  rusts was a ch ieved  
when Wil l iams e t  ai. (1967) succeeded  in establ ishing g rowth  with 
densely sown urediniospores o f  P. gramin is  t r i t i c i  on r e la t i v i y  s imple 
med ia  conta in ing  yeas t  e x t r a c t  and peptone .  Severa l  researchers had 
co n ce n t ra te d  on this spore fo rm  as a basis for  axen ic  cu lture b e fo re ,  
but most ly  s ingle  spores or  low  spore densit ies had been used, to 
f a c i l i t a t e  the observat ion  o f  the process o f  transit ion f rom  the germ  
tube s tage  to saprophyt i c  g rowth  (Arthur,  1928; Stock,  1931; Fuchs 6c 
Gaer tner ,  1958; G ae r tn e r  6c Fuchs, 1962): no cont inuous cul ture o f  rusts 
had been obtained .  Since 1967 many rust iso la tes  have been taken in 
axen ic  cu lture s tart ing  f rom  urediniospores.  The l i t e ra ture  o f  this 
work has been r e v i e w e d  by Sco t t  6c Mac lean  (1969), Sco t t  (1976), Maclean 
(1982) and r ec en t l y  in a splendid r e v i e w  by Wi l l iams (1984).
D i f f e r e n t  aspects o f  axen ic  g row th  which w e r e  studied w e r e :  a ) 
the d e v e l op m en t  o f  cul ture methods;  b) the induct ion o f  sporuiat ion in 
cu lture ;  c )  the pa thogen ic i ty  on the or ig ina l  host o f  an i so la te  in
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axen ic  cu lture;  and d) the nuclear condit ion  o f  cultures.  Tab le  3.1 
l ists the most  prominent  l i t e ra tu re  on axen ic  culture  o f  rust fungi up 
to  the present  day.
The ea r l y  enthusiasm about axen ic  cu l ture o f  rusts has s lowed  
down in the r e c en t  past, as the app l ic a t ion  o f  the results o f  phys io­
log i ca l  studies in v i t r o  on hos t-paras i te  in te rac t ions  in v i v o  could 
only be  made with  g r e a t  reserva t ion .  It was, th e r e f o r e ,  necessary  to 
approach the quest ions concern ing  hos t-paras i te  relat ionships f r om  a 
d i f f e r e n t  ang le  also.
In the d iagram  shown ea r l i e r  i t  is ind ica ted  that  the env i ronment  
plays an im por tan t  ro le  in disease d e ve lopm en t ,  in f luenc ing  ai l  th ree  
organ isms (sensu Loe ge r in g ,  1984) in the re lat ionship,  i .e. host, 
paras ite  and aegr icorpus.  It is t h e r e f o r e  im por tan t  to  prov ide  
en v i ronm en ta l  condi t ions  as uni form as possible  when the e f f e c t s  o f  
host and paras i te  on the d e ve lopm en t  o f  disease  are being  studied. One 
way  o f  prov id ing  uni fo rm cond it ions  is the rais ing o f  host plants in c o n ­
t ro l l ed  en v i r onm en t  cab inets,  w here  t em p e ra tu r e ,  humidity and l ight  c y c l e  
and intens ity  can be con tro l l ed .  This is cos t ly  and requires la rge 
amounts o f  space and equ ipment ,  e spec ia l l y  i f  d i f f e r e n t  rust iso la tes  are 
being t es ted  s imultaneous ly  and have  to  be i so la ted  f rom  each  o ther  to 
avo id  cross con tam ina t ion .  Ano ther  way  o f  prov id ing  constant 
en v i ronm en ta l  cond it ions  is to  ca r ry  out the exper im en ts  with  rusts on 
the de tached  l ea ves  o f  thei r  r e s p ec t i v e  hosts, the l eaves  being  laid out 
in pe tr i  dishes on a sui tab le med ium to  p reven t  w i l t ing  and senescence .  
The  f i r s t  a t t e m p ts  t o  g r o w  rusts on de tached  host l eaves  in pe tr i  
dishes w e r e  made by C l inton & M c C o rm ic k  in 1918 with  Cronart ium 
r ib ico la  on Ribes nigrum (C l in ton & M c C orm ic k ,  1924). They  s imply  used 
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the methods used and the results obta ined  by ea r l i e r  researchers .  More  
advanced  methods  w e r e  used la te r  with  var ious concentra t ions  o f  
b e n z im id azo le  (Person e t  a l ., 1957; Samborski  e t  a l ., 1958; Bjoerkrnann, 
1960; Lumbroso e t  a l . , 1977) or o f  o ther  chem ica ls  with s imi lar  e f f e c t s  
(Wang e t  a l ., 1961; W o l f e  & Macer ,  1964).
In this sect ion  cons iderat ion  is g iven  to pre l iminary  
invest iga t ions  a imed at  establ ish ing  methods o f  culturing rust fungi 
for  the e x p e r im e n ta l  studies. T w o  studies w e re  ca rr ied  out as fo l l ows :
(a) A x en i c  cu lture,
(b) De tached  l e a f  cu lture  studies.
Mater ia ls  and methods
a) A x en i c  cu lture studies
For the axen ic  cu lture expe r im en ts  the cu lture med ia  descr ibed  by 
Bushneil (1968)  w e r e  e m p lo y ed  (Appendix  3.1). Spores f rom  urediniosori 
o f  P. s t r i i f o rm is  or P. c o r o n a t a , on leaves  sur fa ce  st er i l i sed  with 
70 % e thano l  for  2 min. and subsequently rinsed in s te r i l e  dis t i l led 
w a te r  just pr ior  to sorus eruption,  w e r e  inocula ted  singly and in 
c lusters on the agar  sur fa ce  and incubated at  d i f f e r e n t  t empera tures .
P. s t r i i f o rm is  iso la tes  w e re  incubated at 4 °C  in the dark, and at  14 
or 22 °C ,  in a 16 h l ight  / 8 h darkness reg im e .  P. co ronata  was 
incubated  at  the tw o  higher t em pe ra tu res  only and in the  same l ight  / 
darkness r e g im e .  An add i t iona l  e x p e r im en t  was ca r r i ed  out with P. 
s t r i i fo rm is  te l i ospores :  l e a f  sheaths o f  bar ley  bear ing y e l l o w  rust 
t e l i o so r i  w e r e  sur face  s ter i l ised in 20 % hydrogen perox ide  for  5-10 
min, rinsed t w i c e  in s t e r i l e  dis t i l led w a te r ,  cut into very  small  
segments  and incubated  on Bushneil 's cu l ture  med ium at  14 °C .  Some o f  
the inoculat ions w e r e  ca r r i ed  out on agar c o v e r e d  m icroscope  slides
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which w ere  then stained in G iemsa  HC1 (Append ix  3.2) for  c y t o l o g i c a l  
exam ina t ion .
The expe r im en ts  w e r e  ca r r ied  out w ith  tw o  rep l i ca tes  using 10 50 
mm d ia m e te r ,  plast ic  petr i  dishes for  each condi t ion,  
b) Detached  l e a f  cu lture  studies
Seedl ing leaves  o f  cu i t ivars  o f  bar ley ,  oats,  rye,  t r i t i c a l e  and 
wheat,  g rown in trays in a con tro l l ed  env i ronment ,  w ere  used. The 
va r i e t i e s  which w e r e  em p loyed  are ind ica ted  in Append ix 1.1. The 
seed l ing  l eaves  o f  the c e rea ls  w e re  harves ted  when they had fully 
expanded,  and in the midd le  o f  the l ight  c y c l e ,  as it seems im por tan t  
that the t rans iocat ion  o f  ca rbohydra tes  is in ter rupted  when a high 
concen tra t ion  o f  ass im ila tes  is present in the leaves  (Samborski  e t  
a h , 1958). A f t e r  de ta ch m en t  they  w e re  layed out w ithout  de lay  onto the 
sur fa ce  o f  the var ious t r e a tm en ts  in petr i  dishes. The l ight  and t e m ­
perature  condi t ions  o f  the seedl ings b e fo r e  de ta ch m en t  w e re  ident ica l  
to the cond it ions  o f  the de tached  cu l ture.  A i l  exper im en ts  w e r e  carr ied  
out in s te r i l e  100 mm square plast ic  pe tr i  dishes.
Three  d i f f e r e n t  fa c to rs  w e r e  var ied  to  find the most  suitable 
condi t ions  for  main taining  c e r e a l  l e a f  rusts in de tached  l e a f  cu lture.
i) The concen tra t ion  o f  b en z im id a z o i e  dissolved in the med ium: four 
d i f f e r e n t  concen tra t ions  w e r e  tr ied,  0 ppm, 40 ppm, 80 ppm and 100 ppm.
i i)  The support ing med ium: th ree  concentra t ions  o f  w a te r  agar,  0.4 % ,
0.7 % and 1.0 % , w e r e  poured in tw o  d i f f e r e n t  ways,  hor iz onta l ly  and 
sloping (F ig .  3.1), and tw o  other support med ia  w e re  used, co t t o n  woo l  
and f i l t e r  paper,  i i i )  T em pera tu re  and l ight reg im es :  t em pe ra tu res  o f  
10, 14 and 22 °C  and l ight  appl ied fo r  8, 16 and 24 h per day.  The 
e x p e r im en t  was rep l i ca ted  f i v e  t imes.
The seed l ing l eaves  w e re  inocula ted  with the appropriate rust
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spores im m e d ia t e l y  a f t e r  they  had been t rans fe r red  to  the various 




Fig. 3.1 T w o  ways  in which agar  was poured.
Results
a)  A x e n i c  cu lture studies 
None o f  the methods used led to  cont inuing  g rowth  o f  axen ic  
cul tures o f  e i the r  rust. P. s t r i i f o rm is  urediniospores fo rm ed  un­
branched and u n d i f f e r en t ia t ed  g e rm  tubes in al l  condi t ions  but g e r m i ­
nated  best  at  14 °C  and only ve ry  l i t t l e  at 22 °C :  good germ inat ion  
could also be ach ie ved  at  4 °C .  The ge rm  tubes g r e w  to  a length o f  up 
to 2.0 mm. Nuc le i  could be found at  a dis tance o f  b e tw ee n  30 and 160 pm 
f rom  the g e rm  tube tip ( P l a t e  3.1). P. co ronata  g e rm ina ted  best  at  
22 °C  but also ve ry  w e l l  at 14 °C .  The g e rm  tubes on agar  w e re  un­
branched (P l a t e  3.2), und i f f e r en t ia t ed  and much shor ter  than in P. 
s t r i i fo rm is  (0.8 mm) :  occas iona l ly  a "hypha" ( P l a t e  3.3) o f  smal ler  
s i z e  would branch o f f  the g e rm  tube and g r o w  out to a cons iderab le  
length.  This "hypha",  h ow eve r ,  was never  sep ta te  nor branched and did 
not lead to any fur ther  g row th .  The nucle i could be found at  30-160 pm
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P la tes  3.1 - 3.8 A x en i c  g row th  exper im en ts  with  P. s t r i i fo rm is  and P. 
co ronata .
P la t e  3.1 Germ ina t ion  o f  P. s t r i i fo rm is  on nutr ient agar ;  nucle i  ( < ) ;  
LM ;  G iemsa  stain; 
length o f  bar = 10 pm.
P la t e  3.2 Germ ina t ion  o f  P. co ronata  on nutr ient agar ;  no 
d i f f e r e n t ia t i o n  occurred ;
LM ;  l ive ,  unstained;  
length  o f  bar = 100 pm.
P la t e  3.3 Germ ina t ion  o f  P. co rona ta  on nutr ient agar;  p r im ary  g e rm  
tube ( * )  and hypha branching o f f  ( • * ) ;
LM ;  l i ve ,  unstained; 
length  o f  bar = 10 pm.
P la t e  3.4 Basidiospores o f  P. s t r i i fo rm is  B Y R  on s t e r i gm a ta  (-* );
LM ;  l i ve ,  unstained;  
length o f  bar = 10 pm.
P la t e  3.5 As in P la t e  3A ;
SEM;
length o f  bar = 10 pm.
P la tes  3.6 & 3.7 Germ ina t ing  basidiospores o f  P. s t r i i f o rm is  B Y R  on 
nutr ient agar ;  appressorium l ike st ructure ( * ) ;
LM ;  l iv e ,  unstained;  
length o f  bar = 5 pm.
P la t e  3.8 B inuc lea te  basid iospore o f  P. s t r i i f o r m i s ;
LM ;  G iemsa  stain;  





f r om  the g e rm  tube tip, as with  P. s t r i i f o rm is , or in the "hyphae"  in a 
s imi lar  posit ion .  In the present exper im en ts  ai l  g e rm  tubes and 
"hyphae"  w e re  d ika ryo t ic  and no mitosis  could be observed .
In the exper im en ts  with te l iospores  o f  P. s t r i i f o rm is ,  germ ina t ion  
s tarted  w ithout  de lay  and led to long p rom yce i i a  in the agar w ithout  
septat ion .  A f t e r  24 h many basidia w e re  fo rm ed  outside o f  the agar,  
bear ing  four basidiospores on s t e r i gm a ta  (P la tes  3.4 and 3.5). Once  the 
basidiospores w e r e  re leased ,  they  ge rm ina ted  fo r  a short t im e  on the 
agar  and co l lapsed  subsequently (P la tes  3.6 and 3.7). Basidiospores 
w e r e  f i r s t  un inuclea te  but b e ca m e  b inuc lea te  when mature  ( P l a t e  3.8).
No axen ic  g row th  could be establ ished.
b) De tached  l e a f  cu l ture studies 
The results for  rust d e ve lopm en t  are  summarised in Table  3.2. In 
the b e n z im id a z o i e  e x pe r im en t ,  the highest  concen tra t ion  (100 ppm) 
p rese rved  the leaves  best ,  but ve ry  good preserva t ion  was also a ch ieved  
with 80 ppm b e n z im id azo i e .  The fungal  d e ve lopm en t  was v e ry  sa t i s fa c to ry  
at  this l e v e l ,  and wheat  y e l l ow  rust deve loped  be t t e r  than at  100 ppm.
A t  40 ppm bar ley  leaves  b e c a m e  ch lo ro t i c  very  soon (a f t e r  14 days) and 
died soon a f t e r  this. Consequently  the rust d e ve lopm en t  could not reach 
any s ign i f icant  l e v e l .  The same lack o f  preservat ion  was observed with 
al l  the c e r e a l  seed l ing  l eaves  when no b en z im id azo i e  was used (0 ppm).
A t  80 ppm b e n z im id azo i e ,  de tached  l eaves  o f  ai l  the cu lt ivars  used in 
the present  exper im en ts  exh ib i ted  the same res is tance responses to the 
rust iso la tes as po t t ed  plants o f  these cu lt ivars  in the g lasshouse.
In cons ider ing  med ium st ruc ture,  0.7 % w a te r  agar  p roved  most 
suitable and conven ien t .  L o w e r  agar concentra t ions  tended to im m erse  
the l eaves  too  much, producing areas o f  condensat ion on the low er  
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concen tra t ion  (1 % ) h ow ev e r  did not a l l ow  enough co n ta c t  b e tw een  the 
l e a f  sur face  and the med ium to  enab le the preservat ion  through 
be n z im id a z o l e  to take p lace  as e f f e c t i v e l y  as in the lower  agar c o n c e n ­
trat ions ,  and the leaves  w i l t ed  sooner.  The o ther  med ia  ( co t ton  woo l
and f i l t e r  paper )  p roved  by far  in fe r io r  to agar.  The t i l t ed  agar
method was ve ry  useful  for  the bulking up o f  inoculum, as the spores
fa l l ing  f r om  the leaves  w e r e  not w e t t e d  by agar  and could be c o l l e c t e d  
easi ly .
In the third e x p e r im en t  the op t ima l  t em pe ra tu re  was d i f f e r e n t  for  
the d i f f e r e n t  rust spec ies .  Y e l l o w  rusts deve loped  best at  a t e m p e r a ­
ture o f  14 °C ,  whereas  the o ther  l e a f  rusts p r e f e r r ed  higher t e m p e ra ­
tures. The l eaves  w e r e  best  p reserved  in the low  t em pera tu re .  As y e l l ow  
rust is the most d i f f i c u l t  to keep  in de tached  l e a f  cu lture,  the t e m ­
perature  for  a i l  the fo l l ow ing  expe r im en ts  was kept  at  14 °C.  The l ight  
r e g im e  app l ied at  16 h prov ided  su f f i c i en t  en e rgy  for  the photosyn­
thesis o f  the  d e tached  leaves .  L eaves  kept  a t  constan t  l ight  tended  to 
b e c o m e  c h lo ro t i c  much more  quickly than leaves  kept  in a day / night 
r eg im e .
Discussion
Fuchs and Gaer tner  (1958)  desr ibed the germ ina t ion  o f  P. graminis 
t r i t i c i  on nutr ient s i l ica g e l  conta in ing  e g g  yolk or coconut  milk,  and 
found d i f f e r e n t i a t e d  appressoria  and subs tomata l  ves ic l es  t o g e th e r  with 
branching in f e c t i on  hyphae o f  up to 1.8 mm length but they could not 
maintain saprophyt i c  g row th .  In la te r  work (Wi l l iams,  1971; G ram b ow  & 
Muel le r ,  1978), it was d is cove red  that  the fo rm a t ion  o f  appressoria  and 
substomata l  ves ic les  was not essent ia l  fo r  the axen ic  cu lture o f  wheat  
s t em  rust. A t t e m p t s  to induce axen ic  g rowth  o f  P. co ronata  and Fk
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s t r i i fo rm is  in the present work w e r e  unsuccessful  and it seems that the 
ab i l i t y  to g row  a xen ica l l y  depends on the g en e t i c  background o f  an 
i so la te  (Bushnel l & S tew ar t ,  1971; Green,  1976).
The nuclear condit ion  o f  a xen ica l l y  cultured rusts would be 
e x p e c t e d  to depend on the nuclear status o f  the inoculum used. In the 
present work  urediniospores g a v e  r ise, to d ikaryo t i c  g e rm  tubes and 
hyphae.  H ow eve r ,  where  the nuclear condi t ions  o f  axen ic  cultures has 
been studied in the l i t e ra tu re ,  iso lates w e r e  found which w e r e  haploid 
monokaryo t i c ,  d ika ryo t i c  or diploid uninucleate (Wi l l iams,  1971;
Wil l iams <5c H a r t l e y ,  1971; Maclean  <3c Scott ,  1974; Maclean  e t  a l . , 1974; 
G ram b ow  & Muel le r ,  1978). A l l  these cu ltures had their  or ig in in 
ured in iospore inoculat ions.  Cultures de r ived  f rom  spermat ia  are 
r epor ted  to be m onokaryo t i c  (D e m i  e t  a l . , 1982a; b). The ex i s t ence  o f  
b inuc lea te  basidiospores has been r epor ted  previously  (A l l en ,  1933; 
Wr ight,  1977; Wr ight  & Lennard,  1978; Aniks te r ,  1983).
With r espec t  to de tached  l e a f  in f ec t ion ,  Bjoerkmann (1960) found, 
in his exper im en ts  with pr imary  l eaves  o f  oats,  that  the most  sui table 
c oncen tra t ion  o f  b en z im id a z o l e  was 40 ppm when the leaves  f l o a t ed  on 
the solut ion and 60 ppm when the petr i  dishes w e r e  t i l t ed  and the 
l eaves  t h e r e f o r e  only par t l y  in co n ta c t  with the medium. W o l f e  and 
M ace r  (1964)  used a solut ion o f  50 ppm ben z im id a z o l e  t o g e th e r  with 
10 ppm kinet in in dis t i l led w a te r  to cu lture whea t  and bar ley  y e l l ow  
rust ( P. s t r i i f o rm is ). A  solut ion o f  40 ppm ben z im id a z o l e  in w ate r  was 
used for  the c o m p le t i on  o f  l i f e  c y c l e s  o f  P. hordei  and U rom yces  
sc i l larum on de tached  l eaves  o f  thei r  main and a l t e rn a t e  hosts by 
Lumbroso  e t  al. (1976) . Browning (1954)  and Samborski  e t  al. (1958) 
repor ted  that  de tached  l eaves  o f  rust resistant oats or wheat  b e ca m e  
suscept ib le  when f l o a t ed  on w ate r .  Wheat l eaves  rega ined  their
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res is tance  i f  40 ppm ben z im id a z o l e  was added and 1 % g lucose repressed 
the e f f e c t  o f  b e n z im id a z o l e  (Samborski  e t  a l . , 1958).
Most researchers  used a l iquid med ium fo r  de tached  l e a f  cu lture 
(C l in ton  & M c C o rm ic k ,  1924; Waters,  1928; Person e t  a l . , 1957;
Samborski  e t  a l . , 1958; B joerkmann, 1960; Wang e t  a l . , 1961; W o l f e  and 
Macer ,  1964; Lumbroso  e t  a l . , 1977) a l though some used f i l t e r  paper 
(Hennessey  & Sackstone,  1970). The agar method in the present 
expe r im en ts  was chosen mainly fo r  its c onven ience  and re l iab i l i t y .  The 
most  re l iab le  and conven ien t  way  o f  e x pe r im en t in g  with  c e r e a l  l e a f  
rusts in the  l abora to ry  was to  g r ow  them on de tached  host leaves,  
mainta ined  on 80 ppm ben z im id a z o l e  in 0.7 % w a t e r  agar ;  a 16 h dai ly 
l ight  r e g im e  was found to  be most  suitab le whi l e  the t em p e ra tu r e  o f  
incubation depended on the rust spec ies  concerned .
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C H A P T E R  4
C y to g e n e t i c a l  Studies 
Introduct ion
The urediniospore  s tage  o f  the  rust fungi is charac te r ised  by the 
rep ea ted  product ion  o f  d ikaryo t ic  spores in a th eo r e t i c a l l y  unl imited 
number  o f  g enera t ions .  Spores which succeed in in f e c t ing  host plants 
lead to new  spore product ion a f t e r  only 7 to 10 days o f  in f e c t i on  and 
this c y c l e  can be  rep ea ted  many t im es  in favourab le  condit ions ,  
possibly leading  to vast  increases  in spore populat ion and s e ve re  
ep idem ics  on suscep t ib le  hosts. Much e f f o r t  has been invested  into the 
b reed ing  o f  c e r e a l  v a r i e t i e s  res is tant  to the  rust diseases.  Y e t ,  in 
many cases,  the success o f  s p e c i f i c  res is tance  genes o f  a cu l t i va r  was 
shor t l i ved  due to  the  o c cu r r e n ce  o f  new  v i ru lences  or v i ru lence  
comb ina t ions  in the rust populat ion (Van der Plank,  1963; Gro th ,  1984). 
Th ree  d i f f e r e n t  possibi l i t ies which could lead to such changes in 
c e r e a l  rusts have  been discussed in the  l i t e ra tu re  (Zadoks,  1959;
Watson,  1970): a )  g ene  muta t ion  (Gassner & Straib, 1932; Johnson & 
N ew to n ,  1946; Watson,  1957; Z im m e r  e t  a l . , 1963; Mace r ,  1967; C h a m ­
ber lain e t  a l . , 1970; 1971; Gro th ,  1984); b) sexual  recombina t ion  
(C r a i g i e ,  1927; A l len ,  1930; 1931; G reen  & M c K e n z i e ,  1967; Green,
1971); c )  s om a t i c  r ecom b ina t ion  (Ne lson  e t  a l . , 1955; Nelson,  1956; 
Watson & Luig ,  1958; Bridgmon, 1959; E l l ingboe ,  1961; P a r m e t e r  e t  a l . , 
1963; Mace r  & Dol ing,  1966; Bartos e t  a i . , 1969; L i t t l e  & Manners,  1969 
a <5c b; Tin l ine & M a cN e i l l ,  1969; Sharma & Prasada,  1970; H a r t l e y  & 
Wil l iams,  1971; Goddard ,  1976; Wr ight,  1977; Wr ight  <5c Lennard,  1980;
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N e w to n  e t  a h , 1981).
The natural  ra t e  o f  mutat ion  for  v iru lence  in the rust fungi has 
been e s t im a te d  a t  10  ̂ by F lor  (1958)  who worked  with  Me iampsora  iini, 
but this value  d i f f e r s  be tw een  genes  and be tw ee n  the rust organ isms 
(Watson,  1970). Sexual r ecombina t ion  o f  v iru lence  genes  can take p lace  
i f  sp e rm at ia  can be found in the l i f e  c y c l e  o f  the rust. This stage 
occurs on the a l t e rn a t e  hosts o f  the c e r e a l  rusts. A l t e rn a t e  hosts 
bear ing sperm at ia  and g iv ing  r ise to a e c ia  have  been repor ted  fo r  al l 
c e r e a l  rusts apart  f rom  P. s t r i i fo rm is .  A  po ten t ia l  source o f  va r ia t ion  
in v i ru lence  in al l  the c e r e a l  l e a f  rusts is through som a t i c  r e c o m ­
binat ion in d ika ryo t ic  hyphae during the urediniai s tage :  an exchange  
o f  nuclei  can lead to  m od i f i ed  geno types ,  whi le  parasexual  phenomena 
have  been r epor ted  (Br idgmon,  1959; El l ingboe,  1961; Tin l ine &
M a cN e i l l ,  1968; Sharma & Prasada,  1970; Watson,  1970). A  basis for  
som a t i c  r ecom b ina t ion  is the  br inging t o g e th e r  o f  d i f f e r e n t  nuclei  in 
the  d ika ryo t i c  m yce l ium  (he te rokaryos is )  which may  be e f f e c t e d  by 
hyphal  anas tomosis b e tw ee n  d i f f e r e n t  strains o f  the pathogen (McIntosh 
& Watson,  1982; An iks te r ,  1984). The fusion o f  g e rm  tubes, appressoria 
and substomata l  ves ic les  has been observed  (A l l en ,  1926; 1928; Bampton 
& Manners,  1957; Wilcoxon  e t  a i. ,  1958) as w e l l  as anastomosis b e tw ee n  
v e g e t a t i v e  hyphae (Wr ight ,  1977; Wright & Lennard,  1980).
T w o  ex pe r im en ts  w e r e  car r ied  out in the present studies a im ed  to  
c l a r i f y  c y t o g e n e t i c a l  proper t ie s  o f  the c e r e a l  l e a f  rust fungi.
M ater ia ls  and Methods
Exper im en t  1: To observe  the fo rm a t ion  o f  hybrids b e tw ee n  tw o  
d i f f e r e n t  phys io log ic  races  o f  P. s t r i i f o rm is ,  m ixed  inoculat ions w e re  
appl ied on to a universa l ly  suscept ib le  host,  the mutual ly  resistant
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hosts and on a host on which only a som at ic  recombinant  could g row .
Wheat y e l l o w  rust races  41E136 and 108E9 w ere  inocula ted  on to de tached  
seed l ing  l ea ves  o f  the w hea t  cu l t ivars  Heines Ko iben,  Chinese 166,
Norman and Michigan A m b er .  The  r e s p ec t i v e  res is tance  and vi ru lence  
combinat ions  and the e x p e c t e d  rust reac t ion  a re  l isted in Table  4.1.
T w o  l eaves  o f  each  cu l t i va r  w e r e  arranged  at  random on 80 ppm benz i -  
m idazo l e  w a t e r  agar  (0.7 % ) in 10 cm  square p last ic  pe tr i  dishes.
T w e n ty  such petr i  dishes w e r e  inocula ted  separa te ly  with a m ix ture  o f  
ap p rox im a te ly  equal  parts o f  the tw o  rust races .  A f t e r  inoculat ion the 
l eaves  w e r e  incubated a t  4 °C  fo r  24 hours in the dark and then fo r  a 
t o ta l  o f  21 days a t  14 °C  in a 16 hour l ight  8 hour darkness r eg im e .  A  
q ua l i ta t i v e  assessment  o f  in f e c t i on  was done a f t e r  21 days.  Where 
spores d e ve loped  f r om  m ixed  in fec t ions  a f t e r  this t ime ,  they  w e r e  
re inocu ia ted  onto  the who le  set  o f  cu l t i va rs  and sporulat ion was 
assessed a f t e r  another  21 days. The e x p e r im en t  was ca r r i ed  out on tw o  
d i f f e r e n t  occas ions.
T a b l e  4 .1
Resistance and virulence factors of four wheat cultivars and two wheat 










108E9 (VF 3 ,4  & 6)





+ compatible - incompatible
Exper im en t  2: Urediniospores o f  w hea t  and bar ley  brown and y e l l o w  
rusts w e r e  g e rm in a ted  on host l eaves  and on w a te r  aga r  a t  14 °C .  A f t e r
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24 hours samples w e r e  taken,  stained with the nuclear f luorescen t  dye 
m i th ramyc in  (see Append ix  4.1) and observed  under the f lu o rescence  
m icroscope .  The posit ion and number o f  nuclei  in the g e rm  tubes and the 
appressoria  o f  these  fungi was exam ined  as we l l  as any fusions be tw een  
g e rm  tubes,  appressoria  or sub-s tomata i  ves ic les .  O ve r  1000 g e rm in a ­
t ions w e r e  exam ined .
Results
Exper im en t  1: Single inoculat ions o f  the tw o  iso la tes produced 
the  e x p e c t e d  in f ec t ions  l isted in Tab.4.1.  Mixed inoculat ions led to 
in fec t ions  and sporulat ion on cvs.  Michigan A m b e r  (R F  0), Heines VII 
( R F  2) and Heines Ko iben  (R F  6), but no sporulat ion could be scored  on 
cv .  Norman ( R F  2 & 6). Re inocu ia t ion  o f  spores f rom  the three  
c o m p a t ib l e  combinat ions  on to the who le  set  o f  cu lt ivars  showed no 
e v id e n ce  o f  r ecom bina t ion  o f  the v iru lence  fa c to r s  VF 2 and 6 be tw ee n  
the tw o  iso la tes  in this e x pe r im en t .  Only parenta l  types  could be 
r e c o ve re d .  The repe t i t i on  o f  the e x p e r im en t  led to the same result.
Exper im en t  2 ; The number o f  nucle i  throughout the e x p e r im en t  was 
two .  No nuclear div is ions could be observed  up until the fo rm at ion  o f  
substomata l  ves ic les  and the  stain used in this e x p e r im en t  did not 
r e v e a l  the fungal  nucle i beyond this stage .  The posit ion o f  the nucle i 
in the g e rm  tubes o f  P. t r i t i c ina  and P. s t r i i f o rm is  w e re  not we l l  
de f ined .  One nucleus was posi t ioned be tw ee n  30 and 90 pm behind the g e rm  
tube tip and the o ther  nucleus was f o l l ow ing  a t  a d is tance o f  17 to 
70 pm (P la t es  4.1 and 4.2). In P. hordei  g e rm  tubes the nucle i  w e r e  
a lways  in c lo se  associa t ion  with each  o ther  12 to  17 pm apart  and 
posi t ioned  app rox im a te ly  40 pm behind the g e rm  tube t ip, but not  c loser  
to i t  than the last  g e rm  tube branch (P la t es  4.3 and 4.4). The  s iz es  o f
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P la tes  4.1 - 4.4 D ika ryo t i c  urediniospore g e rm  tubes o f  P. t r i t i c ina  
and P. hordei .
P la tes  4.1 & 4.2 P. t r i t i c in a ; nuclei  ( <  ); 
FM ;  m i th ramyc in  stain; 
length o f  bar = 50 pm.
P la tes  4.3 & 4.4 P. ho rd e i ; nuclei  ( <  ); 
FM ;  m i th ram yc in  stain; 





the nucle i w e r e  v e ry  s imi lar  fo r  the three  spec ies exam ined  in this 
expe r im en t .  They  measured a pp rox im a te ly  5.9 X 3.5 pm but the assess­
ment  was made d i f f i cu l t  by the ins tab i l i ty  o f  the f luorescen t  dye,  
which faded  a f t e r  only about 30 sec.  o f  inc iden t  u l t r a v io l e t  l ight .  No 
fusion o f  g e rm  tubes,  appressoria  or sub-s tomatal  ves ic l es  could be 
r eco rded .  A lthough in many cases  two  or th ree  appressoria occup ied  the 
same stoma, the fungi a lways  en te red  the host separa te ly  fo rm ing  
separa te  sub-s tomata l  ves ic les  and in f e c t i on  hyphae.
Discussion
A  number o f  workers  have  repor ted  som at i c  recombina t ion  o f  
v i ru lence  genes  in P. s t r i i f o rm is  (M ace r ,  1967; L i t t l e  & Manners,
1969a; Goddard ,  1976; Wr ight,  1976; 1977; Wright & Lennard,  1980;
N ew to n  e t  a h , 1981). In al l  r epor ted  cases a s imple exchange  o f  nucle i  
b e tw ee n  tw o  races  was possibly the cause o f  the recom bina t ion ,  as more 
c o m p lex  r ea r rangem ents  o f  genes  which would have  been due to  parasexual  
phenomena could not be d e t e c t e d .  Some charac te rs ,  such as the spore 
co lour m ight  also be inheri ted in the cy top lasm  (N e w to n  e t  a h , 1981). 
Br idgmon (1959) and E l l ingboe  (1961), and la te r  o ther  workers ,  repor ted  
on parasexual  phenomena  in P. gramin is  and o ther  c e r e a l  rusts, whereas  
Flor  (1964) could expla in  al l  the var ia t ion  in Me lampsora  lini by 
mutat ion and the  ex change  o f  whole nucle i ,  w ithout  any e v id e n c e  o f  
parasexual i ty .
In 1926 Ruth A l l en  observed  fusion phenomena  o f  appressoria and 
sub-stomatal  ves ic les  in P. t r i t i c ina ,  but not  in P. s t r i i f o rm is  
(A l l en ,  1928). L a t e r ,  g e rm  tube fusion was d is cove red  in P. gramin is  
(Rodenhiser  & Hurd -Karre r ,  1947; Bampton & Manners,  1957; Wilcoxson,  
1958) and P. s t r i i fo rm is  ( L i t t l e  & Manners,  1969b). Work by Nelson
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(1956) and Br idgmon (1959), as w e l l  as more  r e c en t  work  (M a ce r ,  1967; 
Goddard,  1976; Wright ,  1976; 1977; Wright & Lennard,  1980) ind ica ted  
fusion o f  v e g e t a t i v e  m yce l ium  (hyphal  anas tomosis )  as a basis for  
g e n e t i c a l  r ecom bina t ion ,  and Wright (1977) showed micrographs  which 
could r ep resen t  fusion structures .  In the present exper im en ts  
(Exper im en t  1) no recom b ina t ion  o f  v i ru lence  genes  could be ob ta ined .  A  
race  combin ing  the v i ru lence  fa c to rs  VF 1,2,3,4,6 & 7 has been 
descr ibed  in the l i t e ra tu re  f r om  ex pe r im en ta l  inoculat ions ( race  P631;  
Bayles & Thomas ,  1984; 1985), and o ther  races  combin ing  VF 2 and 6, and 
viru lent on cu lt iva r  Norm an ,  have been iso la ted in nature (P r i e s t l e y  e t  
a l . , 1982; Bay ies & P r i e s t l e y ,  1983; Bay les & Thomas ,  1984; 1985). As 
no fusions o f  sub-s tomata i  ves ic e is  have  been r epor ted  for  P. st r i i -  
fo rm is  in the l i t e ra tu re  and also none could be found in these 
ex pe r im en ts  (Exper im en t  2), the most  l ike ly  mechan ism o f  recombina t ion  
is the anastomosis  o f  in te rce l lu la r  hyphae.  This may  be the reason why 
som a t i c  r ecom b ina t ion  on a host, res istant  to  one or both iso la tes in a 
m ix ture  is not  l ike ly  to  occur,  as the m yce l i a l  d e ve lopm en t  in such a 
host and t h e r e f o r e  the chance  for  hyphal  anastomosis  is impeded.  On the 
o ther  hand r ecombina t ion  o f  v iru lence  genes  could have  taken p lace  on 
the suscept ib le  cu l t i va r  Michigan A m b e r  (R F  0), and o ther  workers  have 
obta ined r e l a t i v e l y  high rates  o f  s om a t i c  r ecombina t ion  on a uni­
ve rsa l l y  suscept ib le  host work ing  with d i f f e r e n t  y e l l o w  rust races
( L i t t l e  <5c Manners,  1969a; b; Goddard,  1976). H o w e v e r ,  Wright  (1977)
repo r ted  no recom bina t ion  on the universal ly  suscept ib le  cu lt ivar  
Sappo, and Watson (1957; 1981) showed that  the m ix ture  o f  some races  o f  
P. gramin is  did lead to  recombinants ,  whi lst  others  did not.
In Exper imen t  2 the  number o f  nucle i  in urediniospores,  g e rm
tubes and appressoria  o f  the th ree  rusts under inves t iga t ion  was a lways
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two .  A l l en  (1926) found tw o  nucle i  in the spores, four in the appres-  
soria and e igh t  in the sub-s tomata l  ves ic les  o f  P. t r i t i c in a , and 
nuclear div is ion phenomena during appressorium fo rm a t ion  have  been 
descr ibed  by o ther  workers  (W o l f ,  1982; Staples & Macko,  1984). The 
fa i lu re  o f  reco rd ing  m ore  than tw o  nuclei  in the present  exper imen ts  
might  be due to  the c lo se  associa t ion  o f  daughter nucle i which might  
appear  as the same body when the f lu o res cen t  dye  m ithramyc in  is used. 
The r e l a t i v e l y  big s i z e  o f  the nucle i for  P. s t r i i fo rm is  and P. hordei  
could be another  ind icat ion o f  this. In her ex pe r im en ts  with P. t r i t i ­
c in a , A l l en  (1926) found fusion phenomena  o f  e i the r  appressoria  or sub- 
s tom a ta l  ves ic l es  in 4 % o f  the sporei ings,  and for  P. g ramin is  the 
fusion o f  g e rm  tubes has been repor ted  (Bampton & Manners,  1957; 
Wi lcoxson,  1958), but no c on f i rm at ion  o f  these f indings was made in 
l a te r  work  on the hybr id isat ion o f  rust genes.  G erm  tubes o f t e n  crossed 
each  o ther  in the present  e x p e r im en t  and on one SEM mic rograph seem ed  
to  fuse ( P l a t e  4.5). Y e t ,  c loser  in ves t iga t ion  showed that only their  
outer  layers,  possibly a muci lag inous exudate ,  b e c a m e  united and the 
tubes separated  aga in  la te r  and pene t ra ted  the l e a f  with tw o  separate  
appressoria  ( P l a t e  4.6).
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P la t e  4.5 Apparen t ly  fusing g e rm  tubes o f  P. t r i t ic ina ;  
SEM;
length o f  bar = 10 pm.
P la te  4.6 S tom ata l  pene t ra t ion  v ia  tw o  appressoria ;  
SEM;
length o f  bar = 10 pm.
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C H A P T E R  5
Phys io log ica l  studies
Genera l  in troduct ion
The g row th  and d e ve l op m en t  o f  c e r e a l  l e a f  rust fungi  and their  
spread and ep id e m ic  po ten t ia l  within a crop  are de te rm in ed  by a number 
o f  f a c t o rs  (Zadoks,  1972; L oege r ing ,  1984). Some o f  these fa c to rs  are 
inherent g e n e t i c a l  proper t i e s  o f  the pathogen ,  others  a re  dependent  on 
the phys io log ica l  condi t ion  o f  the fungal  ce l ls  and others  aga in a re  
e x te rn a l  f a c to r s  and r e l a t e  to the suscept ib i l i ty  and predisposi t ion o f  
the host plant or to the ch em ica l ,  physical  or b io log ica l  f a c to r s  o f  
the env i ronm en t .  The spread o f  disease in a part icular  crop  is thus 
dependent  on the g e n e t i c  c o m p a t ib i l i t y  b e tw ee n  pathogen and host, the 
phys io log ica l  condit ion  o f  the pathogen ,  the cond it ion o f  the host 
plants and also on the w ea the r  and b io log ica l  f a c to r s  which in f luence  
the spread o f  the pa thogen within the crop .
The present  chap te r  descr ibes  exper im en ts ,  considered  in three  
parts,  a im ed  to  e lu c id a t e  the g en e t i c a l  and phys io log ica l  a t t r ibu tes  o f  
rust fungi and host plant re lat ionships.  F ir s t ly ,  fa c to rs  a f f e c t in g  the 
ge rm ina t ion  o f  uredin iospores are considered .  A  second part  descr ibes 
the d e v e lop m en t  o f  P. hordei  and P. s t r i i f o rm is  on bar le y  in re la t ion 
to  d i f f e r e n t  inoculum densit ies ,  and exam ines  the fa c to rs  in f luenc ing  
sporulat ion when successful  co lon isa t ion  has taken place .  F ina l ly ,  
expe r im en ts  on g row th  and d e ve lopm en t  o f  rust iso la tes  on host and 
non-host  c e r e a l  plants are  presented .
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A )  Germ ina t ion  o f  urediniospores.
introduct ion
The f i r s t  s tage  o f  rust d e ve lopm en t  and an impor tan t  step in the 
induct ion o f  in f e c t i on  is spore germ ina t ion :  this subject  has c r e a t ed  
much interes t ,  and many d i f f e r e n t  aspects o f  urediniospore ge rm ina t ion  
have  been iden t i f i ed  and descr ibed  in the l i t e ra ture .  A m ong  these 
aspects a re  the r eac t ion  o f  spores to d i f f e r e n t  physical  and ch em ica l  
f a c t o r s  in the en v i r onm en t  a t  the t im e  o f  germ ina t ion ,  as w e l l  as to 
in terna l  fa c to r s  o f  the spore der ived  f rom  in f luences  present during 
the  spore fo rm a t ion  and subsequent s to rage  or o ther  t r ea tm en ts .  In 
1923, A l l en  descr ib ed  the g e rm ina t ion  o f  P. gramin is on suscept ib le  and 
res is tant  w hea t  plants.  Stock  (1941) published his work  on ge rm ina t ion  
and g e rm  tube e longa t ion  o f  seve ra l  o ther  rusts. La te r ,  phys io log ica l  
studies w e r e  r ep o r ted  on the ge rm ina t ion  o f  urediniospores o f  P. 
s t r i i f o rm is  (Straib, 1940; Schroeder  & Hassebrauk, 1964; Sharp, 1965; 
St robe l ,  1965; To i i enaar  & Houston,  1966; Russell ,  1976; C a r tw r i g h t  & 
Russel l ,  1981), P. graminis (Fuchs & G aer tner ,  1958; G ae r tn e r  & Fuchs, 
1962; To i i enaar  <3c Houston,  1966; Knights & Lukas, 1981), P. t r i t i c ina  
(C l i f f o r d  & Harr is ,  1981), P. hordei  (Niks,  1982), and other rusts 
(Maheshwar i  e t  al .,  1967). Invest igat ions in to  the b io chemis try  o f  
g e rm ina t ing  spores w e r e  ca r r i ed  out by many workers  in m ore  r ecen t  
years and r ev i ew s  o f  thei r  f indings have  been published (Shaw, 1963; 
1964; A l i en ,  1965; Staples & Wynn, 1965; Staples <3c Y a n i f ,  1976; Wynn & 
Staples,  1981; Wo l f ,  1982; Staples & Macko,  1984). O f  par t icular 
in te res t  is the occu rrence  o f  s e l f  inhibitors and st imula tors o f  
g e rm ina t ion ,  f i r s t  d is cov e red  by A l l en  (1955) and la te r  iso la ted and
pur i f i ed (Wi lson,  1958; Bell  & Daly,  1962; Staples & Macko,  1984).
The present  expe r im en ts  w e r e  ca r r i ed  out to prov ide  a b e t t e r  
understanding o f  the g e rm ina t ion  pa t te rns o f  urediniospores and o f  the 
fa c to r s  in f luenc ing  g e rm ina t ion  rate  and e f f i c i e n c y :  the results w e r e  
o f  in te res t  fo r  the spore densi ty  expe r im en ts  (this Chapter ,  Sect ion B) 
and fo r  the assessment o f  ep id e m ic  po tent ia ls  o f  par t icu lar  iso lates .
Mater ia ls  and Methods
A  ser ies o f  e x pe r im en ts  was ca r r ied  out on ge rm ina t ion  o f  
d i f f e r e n t  rust fungi  t o  study va r ia t ion  among  d i f f e r e n t  spec ies and 
iso la tes within spec ies,  and the e f f e c t  o f  substrate  and t em p e ra tu r e  on 
germ ina t ion .
Ured in iospores o f  the c e r e a l  l e a f  rust fungi  w e r e  taken f r om  the 
universal ly  suscep t ib le  c e r e a l  cu lt ivars  for  each  rust spec ies (see 
Append ix  1.1) g rown at  1 4 2 °C .  The spores w e r e  gen t ly  shaken o f f  the
l eaves  and c o l l e c t e d  in a glass tube.  They  w e r e  then subjected  to 
var ious t r e a tm en ts  or used d i r e c t l y  for  inoculat ion  o f  host l eaves  or 
agar  su r faces .  The  inocula t ion  was ca r r ied  out in tw o  d i f f e r e n t  ways.  
Spores w e r e  suspended in 0.05 % Tw een  20 (po lyoxye thy ieneso rb i tane  
m ono laura te )  in s t e r i l e  d is t i l led w a te r  or appl ied d i r e c t l y ,  as spore 
powder .  In both cases app l ica t ion  was ca r r i ed  out, using a Humbroi  
spray gun and freon (C C l^ F ^ )  as ca r r i e r  gas to  prov ide  a f ine spray 
o f  suspended spores or a c loud o f  dry spores.  The n o z z l e  o f  ihe  spray 
gun was d i r e c t ed  v e r t i c a l l y  into a spore se t t l ing  t o w e r ,  and the spores 
w ere  a l l ow ed  to s e t t l e  on to the r e s p e c t i v e  sur fa ces  in the  l ow e r  part  
o f  the t ow e r  (see P la tes  5.1 & 5.2 and Fig .  5.1). Wate r  agar  (0.7 % )  
and de tached  c e r e a l  l eaves  on 80 ppm ben z im id a z o i e  w a te r  agar  w e r e  used 
as sur faces  for  spore germ inat ion .
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Plate 5.1 General view of spore 
settling tower
Plate 5.2 Spray gun used for 
inoculation; Pasteur pipette 
containing inoculum (< ).
Fig. 5.1 Diagram of spore 
settling tower; 
c aluminium cylinder 
g aerosol gun
i pasteur pipette containing 
inoculum 
p plant material 
s spore cloud.
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The spores w e r e  incubated at  4 °C  in the dark or a t  1 4 + ^ 2  °C  
in a 16 h l ight  / 8 h darkness reg im e .  On the agar sur faces germ ina t ion  
was assessed a f t e r  var ious t imes  o f  incubation using a K y ow a  s t e r eo -  
m ic roscope  with  dark f i e ld  condenser,  and counting  al l  the spores as 
ge rm ina ted  which had deve loped  g e rm  tubes longer  than the spore 's  
d iam e te r .  G erm ina t ion  on the c e r ea l  l eaves  was assessed a f t e r  24 hours 
using SEM and f lu o rescence  m ic roscope  techniques  (see Append ices  2.2 & 
2.3).
Exper im en t  1 was ca r r i ed  out with tw o  iso la tes o f  P. hordei  at  
tw o  d i f f e r e n t  t em pe ra tu res .  Isolates BBR 76-12 and BBR race  A  w e re  
mult ip l ied  on who le  plants o f  the universal ly  suscept ib le  bar ley  
cu l t ivar  Midas a t  14 +_ 2 °C ,  and urediniospores  w e r e  harves ted  14 days 
a f t e r  inoculat ion .  Spores were  suspended in 0 . 0 5 %  Tw een  20 and sprayed 
on to 0.7% w a t e r  agar  in 90 m m d ia m e t e r  p last ic  pe tr i  dishes. The petr i  
dishes w e r e  incubated fo r  24 hours a t  15 and 20 °C  in the dark in 
g row th  cab inets .  A f t e r  this per iod  the g e rm ina t ion  rate  was assessed.
The e x p e r im en t  was ca r r i ed  out using four rep l i ca tes .  Exper imen t  2 
assessed g e rm ina t ion  o f  d i f f e r e n t  iso la tes  o f  P. t r i t i c ina  on w a te r  
aga r ,  Exper im en t  3 c o m p ared  P. s t r i i fo rm is  ( B Y R )  and P. hordei  on 
bar ley  seed l ing leaves ,  whi le  Exper im en t  4 in v es t i ga t ed  germ ina t ion  o f  
P.  co ronata  and 12 iso la tes  o f  P. s t r i i fo rm is  ( W Y R )  on w a te r  agar .  A  
f i f th  e x p e r im en t  was ca r r i ed  out using an iso la te  o f  P. s t r i i fo rm is  
(B Y R  B YV  1) on bar ley ,  to  assess whether  the ge rm ina t ion  r a t e  on w a te r  
agar was in f luenced by the p resence  o f  heal thy  or i n f e c t e d  host  leaves .  
Seed l ing  l eaves  o f  ba r l ey  cv .  Berac  ( fu l ly  suscept ib le )  w e r e  inocula ted  
with spores o f  P. s t r i i fo rm is  suspended in 0.05 % Tw een  20. Contro l  
l eaves  w e r e  inocula ted  with the Tw een  20 solut ion only. Both t rea tm en ts  
w e r e  incubated a t  14 + 2 ° C  in the greenhouse  a f t e r  an init ia l
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incubation at  4 ° C  for  24 hours. Three  days la te r  the l eaves  w e re  
de tached  and p laced on water  agar on which fresh urediniospores o f  the 
same rust iso la te  had been previously  sprayed.  The plates w e re  
incubated for  tw o  days a t  4 °C  and g e rm ina t ion  was assessed on the agar 
in an area  w ith in  1 mm f r o m  the de tached  leaves .  The germ inat ion  on 
agar  alone,  w i thout  the in f luence  o f  l eaves  was also measured.  The 
e x p e r im en t  was r ep l i ca ted  four t imes.
Results
The results o f  the spore  ge rm ina t ion  expe r im en ts  are  presented  in 
Tab le  5.1.
Fresh spores g e rm in a ted  g ene ra l ly  w e l l  and at  high pe rcen tages  in 
f a vourab le  condit ions (14 °C ,  high r e l a t i v e  humid i ty )  on w ate r  agar  as 
w e l l  as on c e r e a l  leaves .  Fresh spores s ta r t ed  to g e rm in a te  a f t e r  
30 min on w a te r  agar .  The  f i r s t  sign o f  ge rm ina t ion  was a swe l l ing  o f  
the g e rm  pores  ( P l a t e  5.3). One or occas iona l ly  tw o  g e rm  tubes began to 
ex t ru de  f r om  the  spore a f t e r  about  60 min (P l a t e  5.4), but only one 
g e rm  tube cont inued to  g r o w  (P la t e s  5.5 to 5. 9 and see also P la t e  
2.17). Some iso la tes  ( o f  P. s t r i i f o rm is , P. t r i t i c ina  and P. c o ro n a ta ) 
produced unbranched g e rm  tubes which,  on w a te r  agar,  g r e w  fo r  a 
cons id erab le  length ;  others  deve loped  g e rm  tubes with short  branches 
( P. hordei )  or  e ven  branched d ichotomous ly  as with P. r econd i ta  (see 
also Chapter  2). On host plants g e rm  tubes g r e w  across the l eaves  at  
r ight  angles to  the l e a f  ve ins.  It was observed  that, in establ ishing 
inoculum a f t e r  vacuum drying and s to rage  under r e f r i g e ra t io n ,  
uredin iospores  o f  a l l  iso lates o f  the c e r e a l  l e a f  rust fungi exam ined  
in this e x p e r im en t  ge rm ina ted  at  v e ry  l ow  ra tes  (under 0.1 % ),  y e t  
in f e c t i on  o f  host plants could st i l l  be ach ie ved  a f t e r  30 months o f
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P la tes  5.3 - 5.9 Germinat ion .
P la te  5.3 Swol l en  g e rm  pore  o f  P. hordei ;  short ly  a f t e r  inocula t ion;  
SEM;
length o f  bar = 1 pm.
P la tes  5 A  - 5.8 Ured in iospores  o f  P. hordei  on w a te r  agar (1 %);
LM ;
X 180.
P la t e  5 A  a t  60 min. a f t e r  inoculat ion;
P la t e  5.5 at  120 min. a f t e r  inoculat ion;
P la t e  5.6 at  150 min. a f t e r  inoculat ion ;
P la t e  5.7 at  180 min. a f t e r  inoculat ion;
P la t e  5.8 at  210 min. a f t e r  inoculat ion ;
P la t e  5.9 Uredin iospores o f  P. s t r i i f o rm is  on w ate r  agar (1 % );  a t  150 
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6 . 6 9
B Y R  1 u n i n o c u l a t e d  i n o c u l a t e d
l e ave s
a g a r  s u r r o u n d i n g  l e a v e s  6 5 . 2  
u n i n f l u e n c e d  w a t e r  a g a r  5 9 . 9
( o n  w a t e r  a g a r  0 . 7 %  w i t h
l eaves  
6 . 8  1 . 8 3  4 - 7 8
5 6 . 5  1 . 4 3 * *  54  - 67
u n i n o c o l a t e d  a n d  p r e v i o u s l y
i n o c u l a t e d  l e a v e s ,  3 d a y s  a f t e r  i n o c u l a t i o n ,  a t  4 ° C )
w h e n  c o m p a r e d  w i t h  s a m e  l e v e l s  o f  
w h e n  c o m p a r e d  w i t h  s a m e  l e v e l s  o f
t  e m p e  r a t  u r e .
1 e a  f  i n o c u 1 a t i o n t r e a  t m e n t
s to rage  when high spore  densi t i es w e r e  appl ied.
In Exper im en t  1 highly s ign i f i can t  d i f f e r e n c e s  in germ inat ion  
ra te  could be d is cove red  b e tw e e n  the spores o f  d i f f e r e n t  iso la tes o f  P. 
hordei  but no s ign i f i can t  d i f f e r e n c e  b e tw ee n  the tw o  tem pera tures ,  nor 
any in te rac t ion  o f  t em p e ra tu re  and iso la tes  could be establ ished in
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this e x p e r im en t .  With P. t r i t i c ina  no s ign i f i can t  d i f f e r e n c e  in spore 
ge rm ina t ion  b e tw e e n  four iso ia tes  was reco rded  (Exper im en t  2). In 
Exper imen t  3, P. s t r i i f o rm is  showed a s ign i f i can t ly  l ow er  germ ina t ion  
r a t e  than P. horde i . The iso la tes  o f  P. s t r i i f o rm is  exam ined  in 
Exper im en t  4 var ied  g r e a t l y  in thei r  germ ina t ion  rate.  In Exper imen t  5, 
ge rm ina t ion  on the agar  surrounding the previously  inocula ted  l eaves  
was substantial ly  inhibited,  compared  with spore ge rm ina t ion  on 
u n a f f e c t e d  agar .  A  s l ight ly  higher p e r c en ta g e  o f  spores g e rm in a ted  in 
the p rox im i t y  o f  heal thy  l eaves  than on uninf luenced agar  and this 
d i f f e r e n c e  was s ign i f i can t .  The nature o f  the inhibition and s t imu­
lat ion o f  g e rm ina ton  was not d e te rm ined .
Discussion
The results presented  in Tab le  5.1 suggest  that the ured in iospore 
ge rm ina t ion  is a v e r y  va r iab le  f e a tu re  in the c e r ea l  rust fungi .  This 
va r iab i l i t y  must be r ecogn ised  in expe r im en ts ,  as even  smal l  d i f f e r e n ­
ces  in cond it ions  pr ior  to  inoculat ion  can in f luence  the germ ina t ion  
ra te  cons id erab ly .  In e x p e r im en t  1 the tw o  iso la tes  showed s ign i f i can t  
d i f f e r e n c e s  in g e rm ina t ion  rate ,  having both been raised in apparent ly  
op t im a l  cond it ions.  Y e t ,  it is d i f f i c u l t  to  imag ine  that inherent 
g e n e t i c a l  f a c t o r s  should be present which inhibited some o f  the  spores 
f r om  germ ina t ing ,  w here  others  ge rm ina ted  w ithout  inhibition.  In a 
g en e t i c a l l y  homogenous spore populat ion al l  spores in a g i v e n  phys io­
log ica l  s ta te  should be r eac t ing  s im i lar ly  (al l  iso la tes  in use 
throughout these exper im en ts  w e r e  de r ived  f r o m  single snore isolat ions 
o f  the g iven  races ,  prov ided by d i f f e r e n t  inst i tutes and f rom  
depa r tm en ta l  c o l l e c t i ons ;  c . f .  Append ix  1.2). It is t h e r e f o r e  l ike ly  
that  spores which fa i l ed  to  g e rm in a te  w e r e  d isadvantaged  phys io ­
l o g ica l l y .  Isolate BBR 76-12 apparent ly  su f f e r ed  a d isadvantage  due to 
fa c to r s  de te rm in ed  by the  way  the e x p e r im en t  was ca r r i ed  out.  Repor ts  
in the l i t e ra tu re  ind ica te  that  d i f f e r e n t i a l  phys io log ica l  r equ irements  
o f  ce r ta in  iso la tes o f  a g iven  rust spec ies can lead to  a dominance  o f  
these iso la tes o v e r  others  under sp ec i f i c  condi t ions  (F a la h a t i -R as te ga r  
e t  a h , 1981; 1983). This could expla in in part  why the dis tr ibut ion o f  
rust races  is not  uni form w or ldw id e .  The phys io log ica l  requ irements  for  
spore ge rm ina t ion  may  be d e te rm in ed  by g e n e t i c a l  f a c t o rs  or by 
en v i ronm en ta l  condi t ions  during the t im e  o f  spore product ion (Straib,  
1939; Schroeder  & Hassebrauk, 1964; Hassebrauk, 1970). It is t h e r e f o r e  
d i f f i c u l t  to  assess the source o f  va r ia t ion  in spore germ ina t ion .  The 
rust g en o type  plays obviously  a major  role ,  as does the env i ronment  
(F ig .  5.2); i f  the en v i ronm en ta l  condi t ions  a re  kept  uni form, var ia t ion  
can st i l l  o ccur  due to  a number o f  in te rac t ions  b e tw ee n  host and 
pathogen.
The results presented  in Exper iments  2 to  4 again suggest  the 
va r iab le  nature o f  spore germ ina t ion  o f  o ther  rusts due to  the 
c o m p lex i t y  o f  the fa c to r s  invo lved .
In Exper im en t  5 an inhibition o f  germ ina t ion  with previous ly  
inocu la ted  l eaves  was ev idenced .  Its or ig in could be  f r om  the  d e v e ­
loping rust m yce l iu m  in the i n f e c t e d  bar iey  l eaves  or f rom  any in t e r ­
ac t ion  b e tw ee n  host and parasi te .  A l i en  (1976) r e v i e w e d  a number o f  
papers concern ing  the inhibition o f  spore  germ ina t ion  or ig ina t ing  f rom 
the  parent  co lon ies ,  y e t  none o f  these deal  with rust fungi. In e x p e ­
r iments with P. t r i t i c in a , Bahamish <5c Wood (1985) inoculated d i f f e r e n t  
w hea t  plants with  v i ru lent  or  av iru lent  iso la tes  o f  w hea t  brown rust in 
successive  inoculat ions a f t e r  s eve ra l  t im e  in terva ls .  They  repor ted  
v e r y  s ign i f i can t  d i f f e r e n c e s  in the product ion o f  uredin iosori  in
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leaves  inocu la ted  t w i c e  com p ared  with  l eaves  inocula ted  only once,  y e t  
no r e f e r e n c e  is made to an in f luence  o f  deve lop ing  co lon ies on the 
germ ina t ion  o f  spores o f  the second inoculat ion.
B In fec t ion  responses to  d i f f e r e n t  le v e ls  o f  inoculum densi ty  in 
P. hordei  and P. s t r i i f o rm is  on bar ley .
Introduct ion
One o f  the fa c to rs  in f luenc ing  the ou tc o m e  o f  in f e c t i on  is the 
dens ity  o f  the inoculum depos i ted  on the host plant.  This is pa r t i ­
cu lar ly  true fo r  diseases which,  l ike the c e r e a l  brown rusts or 
m i ldews ,  cause only a l im i ted  in f ec t ion  on thei r  hosts, and only part ly  
true fo r  diseases,  l ike the ones caused by Ust i lag ina les  and some 
m em bers  o f  the Uredina ies ( Endophyl lum s e m p e r v i v i , U rom yces  pisi on 
Euphorbia cyparissias  or Transchel ia  fusca ), causing sys tem ic  
in f e c t i on .  P. s t r i i f o rm is , with its s e m i - sy s t em ic  habit  l ies in be tw een  
these tw o  e x t r e m e s .  Pe te rson  (1959)  f i r s t  studied the in fec t ion  
response o f  w h ea t  to  inoculum dens it ies o f  the w hea t  s t em  rust fungus 
Pucc in ia  g ram in is . L a te r  a s imi lar  study was ca r r ied  out w ith  the bean 
rust U rom yces  phaseol i  (Davison & Vaughan, 1964), w here  d i f f e r e n t  
in f e c t i on  types  could be l inked to  the in f e c t i on  dens ity  app l ied to  the 
l eaves .  T o g e th e r  with the spore ge rm ina t ion  and g e rm  tube penetrat ion  
e f f i c i e n c y ,  as w e l l  as var ious agenc ie s  o f  dispersal  (see Van der 
Plank,  1975), the number o f  propagu les  f rom  a s ingle in f e c t i on  is a 
ve ry  impor tan t  measure  o f  the ep id e m ic  po ten t ia l  o f  a paras i te  on a 
g iven  host.  This measure  e s t im a te s  the  success o f  the pathogen more  
prec ise ly  than the c lass ic  disease rat ing  does and is t h e r e f o r e  a m ore  
mean ing fu l  assessment o f  res is tance  response and disease d e ve lopm en t
80
( Z a d o k s , 1972; H e i f e r ,  1985).
The present  studies w e r e  a imed  to  assess the in f e c t i on  e f f i c i e n c y  
o f  P. hordei  and P. s t r i i fo rm is  in re la t ion  to  thei r  inoculum density.  
Pa r t i cu lar  emphasis was laid on the spore product ion and the mul t ip l i ­
ca t ion  ra te  o f  the fungus.
Mater ia ls  and Methods
The ex pe r im en ts  w e r e  ca r r ied  out on de tached  leaves  o f  ful ly  
suscept ib le  bar le y  cu lt ivars  mainta ined  on w a te r  agar conta ining  80 ppm 
ben z im id a z o l e ,  in 100 mm square pe tr i  dishes. D i f f e r e n t  spore loads o f  
P. s t r i i fo rm is  and P. hordei  w e re  inocula ted  onto  l eaves  using spore 
suspensions in 0.05 % Tw een  20. The inoculat ions w e r e  ca r r i ed  out using 
the same procedures  as in part  A, this chap te r .  A f t e r  inocula t ion the 
leaves  w e r e  t r e a t ed  separa te ly ,  as r ep l i ca te s ,  and incubated  at  4 °C  
fo r  the in i t ia l  16 h, f o l l o w e d  by the f inal  incubation condi t ions  at  
18/14 °C  in a 12 h l ight ,  12 h darkness r e g im e  in g row th  cab inets  fo r  
the rest  o f  the t im e  o f  the expe r im en t .  A t  24 h a f t e r  inoculat ion 
samples w e r e  taken f r om  the l e a f  segments  and prepared for  SEM 
observat ions  (see Append ix  2.3). Spore dens ity ,  germ ina t ion  ra te  and 
ge rm  tube pene- t ra t ion  rate  w e r e  assessed using the scanning e l e c t r on  
m icroscope .  Spore density and germ ina t ion  ra te  w e re  also d e te rm in ed  on 
the agar using the l ight  m icroscope .
A f t e r  10 days,  the f i rs t  brown rust uredin iosori  erupted .  The 
numbers o f  uredinia w e re  counted and the l e a f  a rea  b e tw ee n  tw o  boundary 
lines, 50 mm apart ,  was measured.  Spores produced in these sori w e r e  
c o l l e c t e d  dai ly  f r om  day 10 onwards (apart  f r o m  days 13 and 14) and the 
spore number was de te rm ined .  Y e l l o w  rust sori e m e rg e d  f r om  day 13 
onwards  and spores w e re  c o l l e c t e d  on days 15-19. As the number o f  
y e l l o w  rust sori increased rapidly w ith  the d e v e l op m en t  o f  the fungus
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T a b l e  5 . 2
I n o c u l u m  d e n s i t i e s  ( g e r m i n a t i n g  s p o r e s / c m 2 ) u s e d  i n  
e x p e r i m e n t  B .
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during the e x p e r im en t ,  no spore-sorus ra t io  could be estab l ished .  The 
spore co l l e c t i o n  was carr ied  out using a suct ion m ethod  (H e i f e r ,  1985; 
Append ix  5.1) which l e f t  the l eaves  c o m p l e t e l y  undisturbed. The 
e x p e r im en t  was ca r r i ed  out with f i v e  rep l i ca te s .
Results
The spore counts o f  th ree  inoculum densi t i es a re  p lo t t ed  against  
the da te  o f  c o l l e c t i o n  in Fig. 5.3 for  bar ley  brown rust and Fig .  5.4 
for  bar ley  y e l l o w  rust. In Fig .  5.3 the v e ry  high inoculum dens ity  is 
added to the graph o f  high, med ium and low  densit ies.
Ured in iospore  germ ina t ion  pe rcen tages  assessed on the l e a f  
sur faces  w e r e  76.6 _+ 4.8 fo r  BBR 83-2 and 6.78 _+ 6.70 for  B Y R  rac e  1. 
The densit ies o f  g e rm ina t ing  spores per c m 2 are  shown in Tab le  5.2. O f  
these g e rm ina t ing  spores, only 49.3 +_ 9.7 % fo r  BBR and 28.8 +_ 4.5 % 
for  bar ley  y e l l o w  rust pene t ra ted  their  host leaves.
The fo rm a t ion  o f  uredin iosori  in brown rust was a t  a ra te  o f  
14.5 _+ 3.06 % o f  g e rm ina t ing  spores (36.8 +_ 10.1 % o f  penet ra t ing  
g e rm  tubes) .  F rom  day 20 onwards the  in fec t ions  f r o m  low  and med ium 
inoculum densi t i es produced secondary  sori around the exhausted  
in i t ia l  uredinium (see also P la t e  2.23, Chapter  2). In brown rust the 
sporulat ion per square c e n t im e t r e  l e a f  sur fa ce  was highest  a t  the high
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Spore product ion on barley o f  P. hordei  at  low (1; o— o ),
medium (m; a— a ), high (h; n— 0  ) and ve ry  high (v; —-  ) inoculum
densit ies;  a )  <5c b) show spore product ion per cm2; c )  & d) show spore 
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Fig.  5.4
Spore product ion on bar ley  o f  P. s t r i i f o rm is  a t  low  (1; • —  
med ium (m; a a ) and high (h;B ■ ) inoculum densit ies.
),
inoculum dens ity  (F ig .  5.3 a; 125 spo res/cm 2) f r om  day 12 onwards,  
whereas  the  v e r y  high inoculum ( 8 8 8  spo res/cm 2) led to  higher spore 
product ion only on the f i r s t  2  days o f  co l l e c t i on  and then rapidly f e l l  
behind the y ie ld  f r om  the high and even  the med ium inoculum. F rom  day 12 
to  15 the d i f f e r e n c e s  in spore y ie ld  b e tw ee n  high and medium inoculum 
densi t i es w e r e  not  s ign i f i can t  (F ig .  5.3 b) but the very  high and low  
densi t i es w e r e  s ign i f i can t ly  l ow er  in spore  product ion.  In the per iod 
f r om  day 15 to  18 the s i tuat ion tended  to  be s imi lar ,  with the low  
density increasing  product ion s l ight ly  and the ve ry  high density d e ­
creas ing  e v en  more  compared  with the  previous per iod .  D i f f e r e n c e s  in the 
cu m u la t i ve  spore product ion b e tw een  inoculum densi t i es w e r e  highly s igni­
f i c an t  throughout the expe r im en t .  When cons ider ing  the spore product ion per
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T a b  1 e 5 . 3
I n f e c t i o n  e f f i c i e n c y  o f  b a r l e y  l e a f  r u s t s .
a )  S p o r e  p r o d u c t i o n  p e r  v i a b l e  s p o r e  o f  i n o c u l u m .  
D e n s i t y  v e r y  h i g h  h i g h  m e d i u m  l o w  SED
I s o l a t e
BBR 8 3 - 2  29 390  547  1390  + 2 4 6 . 6
BYR r a c e  1 - 1 48 903  1 006  +_ 3 0 9 . 6
b )  S o r u s  p r o d u c t i o n  p e r  v i a b l e  s p o r e  o f  i n o c u l u m .  
I s o l a t e
BBR 8 3 - 2  1 4 . 0  2 1 . 8  8 . 2  1 4 . 1  + 3 . 0 6
BYR r a c e  1 n o t  a p p l i c a b l e
sorus (F ig .  5.3 c  <5c d) it was found that  the f e w e r  sori  per su r face  
a rea  produced r e l a t i v e l y  more  spores than when the sori  w e r e  numerous 
and in c lo se  p rox im i ty  to  ̂ each  o ther .  It was, h ow ev e r  in teres t ing  to 
note  that on the f i r s t  day o f  c o l l e c t i on  sori produced roughly the same 
number o f  spores i r r e sp ec t i v e  o f  the sorus density.  On al l la te r  da tes 
s ign i f i can t  d i f f e r e n c e s  could be estab l ished.
In bar ley  y e l l o w  rust the highest  t o ta l  spore product ion occurred  
at  a med ium densi ty  o f  51 sp o res/cm 2 (F ig .  5.4 a), compared  with the 
high (181 spo res/cm 2) and the l ow  (21 spo res/cm 2) densit ies .  The 
d i f f e r e n c e  in spore  product ion b e tw ee n  the densit ies,  how ev e r ,  was 
never  s ign i f i cant .
Tab le  5.3 shows the  in f ec t ion  e f f i c i e n c y  o f  the two  bar ley  rusts 
at  19 days a f t e r  inocu lat ion .  A lthough the bar ley  y e l l o w  rust i so la te  
s tar ted  sporuiat ion only th ree  days a f t e r  the brown rust iso la te,  the 
t o t a l  spore product ion o f  these tw o  iso la tes  a t  day 19 o v e r  the three  
c o m p ara b le  inoculum densi t i es was near ly  the same and a t  med ium spore 
loads P. s t r i i f o rm is  was m ore  e f f i c i e n t  than P. hordei  (Tab le  5.3 a).
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Discussion
The ge rm ina t ion  ra t e  o f  P. hordei  and P. s t r i i f o rm is  d i f f e r e d  
cons iderab ly  in this expe r im en t .  A lso,  the germ ina t ion  ra te  o f  the 
y e l l o w  rust i so la te  was not v e ry  cons is tent ,  ranging f rom  3 to  14 % . As 
the ge rm ina t ion  r a t e  o f  c e r ea l  rust urediniospores is dependant  on the 
density o f  inoculum (A l l en ,  1955; Pe te rsen ,  1959; F a ia h a t i -R as te ga r  et_ 
a l . , 1981; 1983) part  o f  this inconsis tency  in the y e l l o w  rust iso la te 
could be a t t r ibu ted  to a crowd ing  e f f e c t ,  but this could not be proved  
s ta t i s t i ca l l y .  P e te r sen  (1959) descr ibes  this e f f e c t  at  densit ies 
exeed ing  5000 spo res/cm 2 for  P. gramin is and F a ia h a t i -R as te g a r  e t  al . 
(1983) mention the dens ity  o f  5000 sp o r e s / cm 2 as the op t im a l  spore load 
with highest  ge rm ina t ion  rates .  In this e x p e r im en t  no co r r e la t i on  
b e tw e e n  inoculum density and spore g e rm ina t ion  could be  es tabl ished as 
the spore loads em p loy ed  w e r e  w e l l  under this number (see also part  A,  
this Chapter ) .  The penet ra t ion  ra te  was also very  d i f f e r e n t  b e tw ee n  the 
tw o  iso la tes (28.8 % in y e l l o w  rust and 49.3 % in brown rust), but not  
s ign i f i can t ly  d i f f e r e n t  b e tw ee n  the var ious inoculum densit ies.  One o f  
the reasons fo r  the lower  penet ra t ion  e f f i c i e n c y  o f  y e l l o w  rust could 
be the absence  o f  appressoria  in this fungus: a l l  brown rust 
appressoria  observed  in this e x p e r im e n t  led to  penet ra t ion ,  result ing 
in the  fo rm a t ion  o f  substomata l  ves ic les  and the co l l apse  o f  
appressoria .  Pe te rsen  (1959) found pene t ra t ion  rates  o f  28 - 52 % fo r  
P. g ramin is  and Stubbs & P lo tn ikova  (1972) rates  o f  27.2 to 46.7 % for  
whea t  y e l l o w  rust on suscep t ib le  and 5.1 t o  17.6 % on resis tant whea t  
cu l t ivars .  In their  expe r im en ts  the  spore g e rm ina t ion  also showed 
var ia t ion  b e tw ee n  cu l t ivars .  O ther  workers  repor ted  various penet ra t ion  
e f f i c i e n c i e s  fo r  P. s t r i i fo rm is  (10 - 20 % ; C ar t r igh t  Sc Russel l , 1981),
P. t r i t i c ina  (40 - 70 % ; P o yn t z  & Hyde ,  1985; 42 - 58 Bahamish Sc
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Wood, 1985) and P. hordei  (35 - 52 %• A s lam  & Schwarzbach ,  1980). 
Pucc in ia  hordei  is a lso repor ted  (F a la h a t i -R as te ga r  e t  a l . , 1983) to 
p en e t ra t e  d i f f e r e n t  host l eaves  a t  a ra te  o f  19 - 40 % ( o f  g e rm ina t ing  
spores) ,  depending on race ,  cu l t i va r  and cond it ions  o f  incubation at  
inoculum dens it ies o f  about 3500 g e rm ina t ing  spores/cm 2 For  the o u tc om e  
o f  in f ec t ion ,  As iam & Schwarzbach  (1980) r ep o r ted  in P. hordei  a ra t io  
o f  10 pustules per 100 appl ied spores or , in the i r  case,  o f  44 pustules 
per 1 0 0  g e rm ina t ing  spores at  inoculum densit ies o f  around 1 0 0  
spo res/cm 2 P e te r sen  (1959)  ach ie ved  far  l ow er  e f f i c i e n c i e s  with P. 
g raminis a t  an a v e r a g e  o f  1 urediniosorus per 1 0 0  g e rm ina t ing  spores 
and a max imum o f  40 so r i/ cm 2 i r r e sp ec t i v e  o f  higher inoculum densi t i es .  
In studies with the bean rust fungus U rom yces  phaseo l i , Davidson & 
Vaughan (1964) d is cov e red  an op t im a l  sorus densi ty  for  this pa ras i te  on 
bean cu l t ivars  o f  30.4 s o r i/ c m 2 with inoculum densi t i es o f  1800 -  2000 
sp o res/cm 2. Increasing the spore load resulted in decreas ing  sorus 
dens it ies in thei r  e x p e r im en t .  In the present  study with P. hordei  a 
ra t io  o f  16.4 sori per 100 g e rm ina t ing  spores could be establ ished and 
the  h ighest  sorus dens ity  was 124.7 s o r i/ c m 2 a t  a spore load o f  8 8 8  
sp o res/cm 2, and no co r r e la t i on  b e tw ee n  sorus/spore ra t io  and inoculum 
dens ity  could be es tabl ished.
8 7
C)  Rust d e v e l o p m en t  on host and non-host  plants.
Introduct ion:
Being ob l i ga t e  parasi tes,  the c e r e a l  rusts a re  cons idered  to  be 
among the most  spec ia l i sed  o f  organisms. N o t  only a re  they con f ined  to 
a narrow range o f  main and a l t e rn a t e  hosts but, within thei r  main 
hosts, a part i cu la r  iso la te  wi l l  d eve lop  only on a s e lec t ion  o f  
cu l t ivars ,  re la t ing  to  the r e s p ec t i v e  v i ru lence  and res istance fa c to rs  
which a re  present.  This re la t ionship was f i r s t  descr ibed  for  f l ax  and 
its rust Me lam psora  lini by F lo r  (1942). Since then many such g ene  for  
gene  re lat ionships  have also been descr ibed  for  c e r ea l  rusts (R o e l f s ,
1984). The methods curren t ly  used fo r  race  id en t i f i c a t i on  consider the 
o u tc om e  o f  in f ec t ion ,  in a sys tem o f  var ious c lasses o f  res is tance  or 
suscept ib i l i ty  (H oerner ,  1919, M c N e a i  e t  a l . , 1971). Al though much work 
has been ca r r i ed  out on rust in f e c t i on  in suscept ib le  responses,  for  
e x am p le  Po le -Evans  (1907) and R o w e l l  (1984) , l i t t l e  research has been 
ca r r i ed  out to in v e s t i g a t e  the d e ve lopm en t  o f  rusts on non-host  
ce rea ls .  O g l e  and Brown (1971) descr ibe the g row th  and d e ve l o p m en t  o f  
w hea t  s tem  rust Pucc in ia  gramin is  t r i t i c i  during the f i r s t  f i v e  days 
a f t e r  inoculat ion on suscept ib le  and resistant w hea t  cu l t iva rs ,  non­
host ce rea ls  and f i v e  spec ies  o f  d ic o ty ledons .  F ie ld  observat ions  
(A b i e v  e t  a l . , 1982) ind ica te ,  that  wi ld grasses can be used as hosts 
by wheat  y e l l o w  rust and represen t  a possible source o f  in f e c t i on  for 
whea t  crops.  Some work  on the d e v e lop m en t  o f  incom pat ib le  hos t-paras i te  
combinat ions  has been done using f luo res cence  techniques  (Niks,  1981; 
1982). A  p re l im in ary  e x p e r im en t  was ca r r ied  out to  in v es t i ga t e  the 
possibi l i t ies o f  g rowth  ex pe r im en ts  with c e r e a l  l e a f  rust fungi on 
non-host  c e r e a l  cu lt ivars .  No  rep l ica t ion  was appl ied in this
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T a b l e  5 . 4
R a d i a l  g r o w t h  ( p m )  o f  som e  l e a f  r u s t  f u n g i  on h o s t  a n d  non  
h o s t  c e r e a l  c u i t i v a r s  a n d  on s u s c e p t i b l e  a n d  r e s i s t a n t  
h o s t s .  •
a )  B a r l e y  r u s t s  on t h r e e  b a r l e y  c u i t i v a r s
C u l t  i v a r  M i d a s  Da y  2 Da y  4 Da y  7
I s o l a t e  * )
BBR r a c e  A  20 46 120
BBR 8 3 - 2  23 6 8  238
BYR r a c e  1 18 44 260
C u 1t i v a r  C l  1242  
I s o l a t e
BBR r a c e  A  22 47 166
BBR 8 3 -  2 26 45 2 1 8
BYR r a c e  1 22 43 55
C u l t i v a r  B e r a c  
I s o l a t e
BBR r a c e  A  25 38 158
BBR 8 3 - 2  27 91 224
BYR r a c e  1 24 + )  42 399
b )  O t h e r  r e l a t i o n s h i p s
C u l t i v a r  A r m a d a  ( w h e a t )
I s o l a t e  
BBR 8 3 - 2  
BYR r a c e  1 
OCR FR 1 
RBR 7 0 - 1  
WBR 7 7 - 2 2
C u l t i v a r  B e r a c  ( b a r l e y )  






8 3 - 2  
r a c e  
FR  1 
7 0 - 1  
7 7 - 2 2











113 h o u r s
0  
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T a b l e  5 . 4  c o n t i n u e d
C u 1 t i v a  r Rhe  i d o 1 ( r y e )
25 h o u r s  113 h o u r s 209
I s o l a t e * )
BBR 83 - 2 26 0 0
BYR r a c e  1 2 2 84 515
OCR FR 1 36 2  1 1056
RBR 70 - 1 39 1 94 239
WBR 77 - 2 2 2  1 0 0
0 . 5
•  r a d i a l  g row th = 1 / 2 ( l e n g t h  o f c o l o n y  *  b r e a d th  o f  c o l o n y )
* )  BBR = b a r i e y b r own r u s t ( P . h o r d e i )
BYR = b a r i e y y e l l  o w r u s t ( P .  s t r i i f o r m i s )
OCR = o a t c r own r u s t ( P . c o r o n a t a )
RBR = r y e b r own r u s t ( P . r e c o n d i t a )
WBR = w h e a t b r own r u s t ( P .  t r i t i c i n a )
+ )  e s t i m a t e d  v a l u e s  o n l y
pre l im inary  e x p e r im en t .  The results f r om  the pre l im inary  expe r im en ts  
a re  presen ted  in Tab le  5.4. The present  inves t iga t ion  a im ed  t o  study 
further the d e v e l op m en t  o f  c e r e a l  rusts on non-host  ce rea ls .
Mater ia ls  and Methods :
T w o  iso lates o f  bar ley  brown rust ( P. hordei  O t th )  and one 
iso la te  each  o f  oa t  c row n  rust ( P. co ronata  Corda ) ,  rye  brown rust ( P. 
recond i ta  Rob.  <5c Desm.) ,  w hea t  brown rust ( P. t r i t i c ina  Eriksson)  and 
w hea t  y e l l o w  rust ( P. s t r i i f o rm is  Westend. )  w e r e  inocula ted  onto 
de tached  l eaves  o f  tw o  cu i t ivars  o f  bar ley  (cvs.  Berac  and C l  1243), 
oa ts (cvs.  Maris Tabard and Bond), rye  (cvs.  Rheido l  and Dominant )  and 
w hea t  (cvs.  A rm a da  and Michigan A m b e r )  and one cu i t i va r  o f  t r i t i c a l e  
(cv .  Bush) r e s p ec t i v e l y .  The  inoculat ion  was ca r r ied  out in a spore 
se t t l ing  t o w e r  (F ig .  5.1). The l eaves  w e r e  kept  on 80 ppm ben z im id a z o l e  
w a te r  agar  (0.7%) in plast ic  pe tr i  dishes. For the  inoculat ion  fresh ly  
c o l l e c t e d  urediniospores w e r e  used and an inoculum densi ty  was chosen
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which ensured the p resence  o f  at  least  1 0  and not more  than 60 spores / 
c m 2. A f t e r  inoculat ion  the petr i  dishes w e re  t rans fe r red  to  con tro l l ed  
env i ronm en t  cab inets  and kept  at  14 "C  at  16 h l ight  and 8  h darkness. 
As the water  agar prov ides su f f i c i en t  humidity to  keep  the air inside 
the petr i  dishes saturated,  no con tro l l ed  humidity was required.
Sect ions  o f  10-15 mm length  w ere  cut o f f  the leaves  a f t e r  3, 7 
and 11 days,  f i x ed  in boi l ing iac topheno i  : e thano l  (1:2)  for  90 
seconds and sta ined for  f lu o res cence  m icroscopy  in C'alcof luor White M2R 
N ew ,  in the procedure  a f t e r  Rohr inger  e t  al. (1977; and see Append ix  
2.2). The spec imens w e r e  then exam ined  with a L e i t z  Ortholux 2 
m icroscope ,  f i t t e d  with ep i f lu o res cen ce  equ ipment ,  and the length and 
breadth o f  the  invading fungal  myce l ium  w e re  measured.  On day 21, the 
length and breadth o f  co lon ies  w e r e  measured on unstained leaves .  This 
was possible only where  sporulat ion or d is t inct  ch lorosis  occurred  and 
some la ten t  in fec t ions  thus escaped  the assessment.  For the qu a l i t a t i v e  
assessment o f  sporuiat ion,  a four c lass sys tem was adop ted :  with 
0 = none, 1 = v e r y  l i t t l e ,  2 = reduced and 3 = full  sporulat ion.  The 
q uan t i ta t i v e  assessment was carr ied  out using a suct ion method  for  
spore  co l l e c t i o n  (H e i f e r  1985) and measuring the spore concen tra t ion  
p h o to m e t r i c a l l y  a t  500 nm. The exper im en ts  w e r e  ca r r i ed  out using three  
rep l i ca te s  o f  each  hos t - is o ia te  combina t ion .  Where unexpec ted  
sporulat ion on non - hosts occurred ,  spore samples w e r e  c o l l e c t e d  and 
the iden t i ty  o f  the i so la te  was t es ted  on va r i e t i e s  o f  the normal host 
plant.
Results:
The  urediniospores o f  a ll  iso lates ge rm ina ted  w e l l  on al l  c e r e a l
cu l t iva rs ,  fo rm ing  appressoria o v e r  their  s tom a ta  (not  P. s t r i i f o rm is !)
but some o f  the g e rm  tubes o f  rusts which w e r e  spec ia l is ed  on glabrous
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hosts (bar ley  and oa ts )  g r e w  in a som ew h at  d is or ienta ted  manner on the 
hirsute cu lt iva rs  ( r y e ,  t r i t i c a l e  and wheat ) ,  thus o f t e n  missing the 
neares t  s tomata .  The same could be observed  with  g e rm  tubes o f  rusts 
normal l y  d e ve lop ing  on hirsute leaves,  when they  w e r e  inocula ted  onto 
g labrous cu lt ivars .  Subs tomata i  v es ic l e  (SSV) f o rm a t ion  and the 
d e v e l op m en t  o f  in f e c t i on  hyphae could be observed  a f t e r  appressorium 
fo rm a t ion .  Only in ve ry  rare  cases could an abort ion  o f  the in f ec t ion  
be  reco rded  at  appressorium fo rm a t ion  (once  with  bar ley  brown rust on 
w h ea t )  or SSV fo rm a t io n  (w hea t  y e l l o w  rust on oats) .  In many 
combinat ions  ex te rn a l  f o rm a t io n  o f  SSV w i thout  s tom a ta !  penet ra t ion  
could be observed :  rye brown rust f o rm ed  ex te rn a l  SSV when inocula ted  
on oats and t r i t i c a l e ,  whea t  brown rust on bar ley  and oats,  and whea t  
y e l l ow  rust on al l  exam ined  hosts. This phenomenon had f irs t  been 
not iced  on bar ley  y e l l ow  rust ( P. s t r i i f o rm i s ) on bar ley  and o ther  
ce rea ls  (H e i f e r ,  unpublished results, Ke l lock ,  personal  communica t ion ) .  
Early abort ion  sensu Niks (1982) occurred  in most non-host  
combinat ions ,  but not  necessar i ly  at  a l l  penet ra t ion  s ites. The results 
3 days a f t e r  inoculat ion inc lude these ea r ly  abor t ions.  A f t e r  7 days, 
the abor ted  fungal  t issue did not take up the f luorescen t  stain any 
more ,  possibly because  i t  was dead and decompos ing .  This expla ins the 
d isappearance  o f  pos i t i v e  g row th  values in incom pat ib le  react ions  a f t e r  
th ree  days.
Tab le  5 .5  shows the radial  g rowths  o f  the six pathogens on nine 
c e r e a l  cu l t i va rs  on days 3, 7, 1 1  and 21. These  a re  r ep resen ted  as the 
g e o m e t r i c  means o f  length and breadth.  No s ta t i s t i ca l l y  s ign i f icant  
in te rac t ion  could be d e t e c t e d  b e tw een  cu l t i va r  and rust iso la te  on day 
3. On the la te r  dates h o w ev e r  a st rong in te rac t ion  occurred ,  indicat ing 
the suscept ib i l i t y  and res is tance  o f  cu l t iva rs  to  rusts. Severa l  
inconsis tenc ies could be observed here :  oa t  c row n  rust was observed
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T a b l e  5 . 5
R a d i a l  g r o w t h  ( p m )  o f l e a f  r u s t f u n g i  on h o s t  a nd
h o s t  c e r e a l  c u l t i v a r s ▲
C u 1 t i v a  r Be  r a c
( b a r l e y )  Da y  3 Da y  7 Da y  11 Da y  2
I s o l a t e  * )
BBR r a c e  A  44 272 644 1 250
BBR 8 4 - 1  61 259 633 1426
OCR F R - 1  87 73 239 0
RBR 7 0 - 1  21 9 0 0
WBR 8 0 - 2 1  18 5 209 0
WYR 1 0 8 E 1 3 7  26 73 679 0
C u l t i v a r  C l  12 43  ( b a r l e y )
I s o l a t e
BBR r a c e  A  52 98 260 556
BBR 8 4 - 1  74 343 736 1041
OCR F R - 1  61 0 0 0
RBR 7 0 - 1  25 0 0 0
WBR 8 0 - 2 1  22 48 290 135
WYR 1 0 8 E 1 3 7  14 0 0 0
C u l t i v a r  M a r i s  T a b a r d  ( o a t s )  
I s o l a t e
BBR r a c e  A 4 0 0 0
BBR 8 4 - 1 1 0 0 0 0
OCR F R -  1 6 8 476 768 2 2 3 6
RBR 7 0 - 1 26 25 0 0
WBR 8 0 - 2 1 1 6 0 0 0
WYR 1 0 8 E 1 3 7 25 0 0 322
Cu 1 t i v a r  Bo nd ( o a t s )
I s o l a t e
BBR r a c e  A 1 5 0 0 0
BBR 8 4 - 1 1 1 0 0 0
OCR F R -  1 73 455 1 482 2 6 3 6
RBR 7 0 - 1 2 1 0 0 0
WBR 8 0 - 2  1 7 0 80 0
WYR 10 8 E 13 7 23 0 0 0
C u l t i v a r  R h e i d o l  ( r y e )
Da y  3 Da y  7 Da y  11 Da y  2 1
I s o l a t e
BBR r a c e  A 39 0 0 0
BBR 8 4 - 1 27 39 0 0
OCR F R -  1 84 206 458 0
RBR 7 0 - 1 57 572 1338 23 8 3
WBR 8 0 - 2 1 38 218 569 676
WYR 1 0 8 E 1 3 7 1 9 0 1516 0
c o n t i n u e d  n e x t  p a g e
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T a b l e  5 . 5  c o n t i n u e d
Cu 1 t i v a  r Domi nan  t ( r y e )
I s o l a t e
BBR r a c e  A 28 1 6 0 0
BBR 8 4 - 1 37 1 1 0 0
OCR F R -  1 158 1 0 1 6  1 7 0
RBR 7 0 - 1 59 542 1478 28 8 3
WBR 8 0 - 2 1 26 167 161 887
WYR 1 0 8 E 1 37 1 1 I 3 0 0
C u 1 t i v a  r Bu s h ( t r i t i c a  1 e )
I s o l a t e
BBR r a c e  A 30 1 6 0 0
BBR 8 4 - 1 32 26 0 0
OCR F R -  1 1 0 1 0 0 0
RBR 7 0 - 1 43 0 247 0
WBR 8 0 - 2  1 30 347 652 2 4 3 3
WYR 1 0 8 E 1 37 1 9 92 0 0
Cu 1 t i v a  r A r m a d a ( w h e a  t )
I s o l a t e
BBR r a c e  A 26 0 0 0
BBR 8 4 - 1 31 0 0 0
OCR F R -  1 3 0 0 0
RBR 7 0 - 1 1 3 0 0 0
WBR 8 0 - 2  1 71 424 853 1739
WYR 1 0 8 E 1 3 7 32 568 1344 1935
Cu 1 t I v a r  M i c h i g a n Ambe r ( w h e a t )
I s o l a t e
BBR r a c e  A 28 1 9 0 0
BBR 8 4 - 1 2 1 1 0 0 0
OCR F R -  1 30 532 1 0
RBR 7 0 - 1 28 0 0 0
WBR 8 0 - 2 1 69 393 967 1741
WYR I 0 8 E 1 37 1 0 153 2 9 6 0 42 6 8
SED + 26 . 62 + 1 0 0 . 6 4 + 3 9 3 . 4 + 6 1 4 .
* * + 2 4 . 6 7 + 9 7 . 7 3 + 3 1 7 . 5 + 6 0 4 .
* )  BBR = b a r l e y  b r o w n  r u s t  ( P .  h o r d e i )
OCR = o a t  c r o w n  r u s t  ( P .  c o r o n a t a )
RBE = r y e  b r o w n  r u s t  ( P .  r e c o n d i t a )
WBR = w h e a t  b r o w n  r u s t  ( P .  t r i t i c i n a )
WYR = w h e a t  y e l l o w  r u s t  ( P .  s t r i  1 f o r m i  s )
** for same levels of rust 
A radial growth = 1/2(length of colony * breadth of colony)
0 .5
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T a b l e  5 . 6
S p o r u l a t i o n  
c e r e a  1 e u  1 t i
( a ) Q u a 1 i t a t
o f  c e r e a l  l e a f  
v a  r s .
i v e  a s s e  s s me n  t
r u s t s
( S c a l e
o n  n i n e  
0 - 3  )
h o s t  a n d n o n - h o s t
1 s o 1 a t e  *  ) 
Cu 1 t i v a r * )
*  *  'j BBR 
r a c e  A
BBR 
8 4 -  1
OCR R BR WBR WYR
B e r a c ( B ) 2 . 3 2 . 7 0 . 0 0 . 0 0 .  0 0 . 0
C l  1 2 4 3 ( B ) 0 .  7 2 . 3 0 .  0 0 . 0 0 .  3 0 . 0
Ma r i s  T a b a r d ( O ) 0 . 0 0 . 0 3 . 0 0 . 0 0 . 0 1 . 0
B o n d ( O ) 0 .  0 0 . 0 3 . 0 0 . 0 0 . 0 0 . 0
R h e  i d o 1 ( R ) 0 . 0 0 . 0 0 . 0 2 . 7 1 . 0 0 . 0
Do mi  n a n  t ( R ) 0 . 0 0 . 0 0 . 3 2 .  5 1 . 0 0 .  0
B u s h ( T ) 0 . 0 0 . 0 0 . 0 0 . 0 2 . 0 0 . 0
A r m a d a ( W ) 0 .  0 0 . 0 0 .  0 0 . 0 2 .  3 1 . 7
M i c  h i g  a n Amb 
SED
• ( W ) 0 . 0  
_+0 . 4 1 2 7
0 . 0 0 . 0 0 . 0 3 . 0 2 . 0
0 = n o  s p o r u l a t i o n
1 = l i t t l e  s p o r u l a t i o n
2 = r e d u c e d  s p o r u l a t i o n
3 = a b u n d a n t  s p o r u l a t i o n
v a l u e s  r e p r e s e n t  m e a n s  o f  t h r e e  r e p l i c a t e s
( b )  S p o r e  n u m b e r  p r o d u c t i o n  o f  s i n g l e  i n f e c  t i o n  s m e a  s u r e  d b y
l i g h t  a b s o r b a n c e a t  5 0 0 nm ( X  1 0 3 s p o r e s ) .
I s o l a t e BBR BBR O C R R BR WBR WYR
C u 1 t i v a  r r a c e  A 8 4 -  1
Be  r a c ( B ) 33 34 0 0 0 0
C I  1 2 4 3 ( B ) < 3 0 33 0 0 32 0
Ma r i s  T a b a r d ( O ) 0 0 46 0 0 0
B o n d ( O ) 0 0 45 0 0 0
R h e  i d o  1 ( R ) 0 0 0 37 < 3 0 0
D o mi  n a n  t ( R ) 0 0 0 34 < 3 0 0
B u s h ( T ) 0 0 0 0 35 0
A r m a d a ( W ) 0 0 0 0 37 48
M i c h i g a n  A m b . ( W ) 0 0 0 0 41 2 0 7
SED + 40
+ )  - s p o r u l a t i o n i n  o n e c a s e  b u t  n o t  i n s a mp  1e
*  ) B = b a r l e y T  = t r i t i c a 1e  * * ) BR  = b r o wn  r u s t
O  = o a  t s W = w h e a t C R  = c  r o wn  r u s t
R = r y e Y R  = y e l l o w  r u s t
grow ing  qu it e  substantial ly  (580 pm)  on Michigan A m b e r  whea t  on day 7 
but not on any o f  the o ther  da tes;  whea t  y e l l o w  rust d e ve loped  we l l  in 
the bar ley  cu l t i va r  Berac  (679 pm on day 11) and in the rye cu it iva r  
Rheido l  (1484 pm on day 11) w ithout  producing v is ible  in f e c t i on  on day 
2 1 ; the same was true to a lesser e x t e n t  for  oa t  c rown  rust on bar ley  
cu l t i va r  Berac  (239 pm)  and the two  rye  cu l t ivars  (458 and 652 pm 
r e s p ec t i v e l y ) ;  w hea t  y e l l o w  rust on the oat  cu l t i va r  Maris Tabard could 
be observed  only on one da te  (day 2 1 ) when it sporulated.
On day 7 sporulat ion began to  occur  in the whea t  / whea t  brown 
rust combina t ion ,  with the other combinat ions  fo l l ow ing  la te r .  On day 
2 1  a l l  c o m p a t ib l e  combinat ions  w e r e  sporulat ing,  including some 
unexpec ted  ones:  P. t r i t i c ina  fo rm ed  spores on the bar ley  cu l t i va r  Cl  
1243, the tw o  rye  cu lt ivars  and t r i t i ca l e ,  and P. s t r i i fo rm is  
sporulated abundantly on Maris Tabard oats in one r ep l i ca te .  Tab le  5.6 
shows the mean values o f  sporulat ion and the spore product ion measured 
by l ight  abso rbance  in a c o l o r im e t e r  at  500 nm. Wheat y e l l o w  rust 
produced the highest  response f r om  single  in f e c t i on  s i tes.  The 
sporulat ion o f  the incom pat ib le  bar ley  brown rust i so la t e  race  A  on 
bar ley  cu l t i va r  C l  1243 was ve ry  low, as w e r e  sporulat ions f r om  o ther  
incom pa t ib le  combina t ion .  A  hypersens it ive  response was e v id en t  in the 
bar ley  brown rust race  A  / Cl  1243 combinat ion .
Discussion:
Gaeumann (1959) ment ions  many possible hosts for  the f i v e  rust 
spec ies  in v es t i ga ted  in this paper.  For P. hordei  he s ta tes  12 host 
spec ies ,  a l l  o f  which be long to the genus H o rdeu m . P. co ronata  is 
descr ibed  in th ree  groups and 16 fo rm a e  spéc ia les on 256 host species 
compr is ing  bar ley ,  oats,  rye  and w hea t  (al l  a t t a cked  by the fo rm a
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special is  aven ae  Eriksson) . For  P. t r i t i c in a , 29 host spec ies ,  
including rye  and bar ley ,  are desc ibed .  The host range  o f  P. recondita  
(P. di spersa ) , accord ing  to  Gaeumann, consists o f  12 spec ies,  none o f  
them being c e rea ls  apart  f r om  rye.  Puccinia  s t r i i f o rm is  ( P. g lumarum) 
appears in f i v e  d i f f e r e n t  f o rm a e  spec ia les on 1 0 2  host spec ies ,  but 
phys io log ic  d ive rs i ty  has been r epor ted  b e tw ee n  d i f f e r e n t  acquisi t ions 
o f  the same phys io log ic  f o rm .
Wilson and Henderson (1966)  descr ibe  th ree  host spec ies  fo r  P. 
hordei ,  25 for  P. c o r o n a t a , two  for  P. recond i ta  ( f .sp.  r e cond i t a ), 
th ree  for  P. t r i t i c ina  ( P. recond i ta  f .sp. t r i t i c i ) and more  than 10 
host spec ies for  P. s t r i i f o rm is , but not  including oats.  In f i e ld  
studies ca r r i ed  out in the USSR, A b i e v  e t  al .  (1982)  observed  in fec t ion  
on seven wi ld grass spec ies  with wheat  y e l l o w  rust but repor ted  that 
oats and bar ley  g rown  in the reg ion w e r e  f r e e  o f  sym ptoms;  r e in f e c t i on  
o f  whea t  was possible with urediniospores f r om  three  wi ld grasses.  Og le  
and Brown (1971)  showed that  whea t  s tem rust fo rm e d  normal appressoria
and SSV on non-host  ce rea ls ,  but fa i l ed  to  produce penet ra t ion
structures on the f i v e  spec ies  o f  d ico ty ledons  which had been included 
in thei r  expe r im en t .  They  d is cove red  no s ign i f i can t  d i f f e r e n c e s  in the 
co lony  a rea  until 72 hours post  inoculat ion  and thei r  observat ions  on
the  pa t te rn  o f  d e ve lopm en t  o f  w hea t  s t em  rust on co m p a t ib l e  and
incom pat ib le  hosts was s imi lar  to  that found w ith  w hea t  brown rust 
t es t ed  on the c e r e a l  spec ies in this expe r im en t .  Niks (1981) showed 
that  bar ley  brown rust readi ly  f o rm ed  appressoria  on whea t  but fa i l ed  
to  p e n e t ra t e  l e t tuce .  C l i f f o r d  and Roder ick  *(1978) showed that,  in 
incom pat ib le  bar ley  / P. hordei  in teract ions ,  some co lon ies  st i l l  
r eached  cons iderab le  s i z e  whi ls t  the dis tr ibut ion o f  co lony  s izes 
d i f f e r e d  s ign i f icant ly .
Although the sys tem used in this e x p e r im e n t  is highly a r t i f i c i a l ,  
i t  has been shown that  res is tance  responses in de tached  l eaves  w e re  
iden t ica l  or s imi lar  as on whole  plants prov ided  ben z im id a z o l e  was 
added to  the support ing med ium (Samborski  e t  al . ,  1958; Bjoerkmann,  
I960) . In both the p re l im inary  studies, described in the introduct ion,  
and in the main exper im en ts ,  sustained in f e c t i on  by par t i cu la r  rust 
spec ies  w e r e  usually con f in ed  to thei r  r e s p ec t i v e  appropr ia te  hosts. 
H o w ev e r ,  in some sporadic  cases a rust spec ies  d e ve loped  in f e c t i on  and 
produced spores on a non - host c e r ea l .  E v e r y  ca r e  was taken to  ensure 
that  no cross con tam inat ion  occurred  in these studies and further work 
to  in v es t i ga t e  this phenomenon is r ecom m ended .
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C H A P T E R  6
Genera l  conclusions
In the present studies f ea tures  o f  co lony  g row th  and 
d eve lopm en t  o f  the l e a f  rust fungi o f  t e m p e ra t e  ce rea ls  have  been 
researched .  Taxon om ica i  aspects,  cu lture ch arac te r i s t i c s ,  c y t o ­
g ene t i c s ,  and g row th  and d e ve lopm en t  responses o f  these pa thogens in 
hosts and non - hosts have  also been cons idered .
In a t t em p t in g  to c l a r i f y  the taxo n om ica i  posit ion o f  the 
c e r e a l  l e a f  rusts, c lass ica l  t a xo n om ica i  f ea tures  as w e l l  as d e v e ­
lopmenta l  charac te r i s t i c s  o f  the  uredin iospore s tage  w e re  taken 
into account .  Most questions concern ing  the t axonom y  o f  these fungi 
a re  now' r eso lved  in the  l i t e ra tu re  and, f rom  ured in iospore s tage  
fea tures  along with the part ia l  use o f  o ther  d e v e lop m en ta l  stages ,  
c l e a r  and unmistakable dist inct ion  o f  the y e l l o w  rusts f rom  the 
brown rusts and crown rust, as w e l l  as bar ley  brown rust f r om  the 
brown rusts o f  wheat  and rye,  can be made.  On the other hand, the 
posit ion with whea t  and rye brown rust has been less w e l l  de f ined .  
The present studies, w here  spec ia l  a t t en t ion  was paid to  d i f f e r e n ce s  
which w e r e  independent  o f  the plants the parasi tes w e r e  g row in g  on, 
showed c lear  morpho log ica l  as w e l l  as phys io log ica l  d i f f e r e n c e s  
b e tw ee n  w hea t  and rye  brown rust, and prov ide  e v id e n c e  in keep ing  
with the v i e w  that  these tw o  organisms should be rega rded  as two  
dist inct  spec ies.
Studies on the ab i l i ty  o f  rusts to  g r ow  in d i f f e r e n t  cu lture
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condi t ions  included ex pe r im en ts  to  induce the  axen ic  cu lture o f  some 
iso la tes o f  c e r e a l  l e a f  rusts. These expe r im en ts ,  how ev e r ,  did not 
lead to  any successfu l  saprophyt i c  g row th  on co m p lex  cu lture med ia .  
The cu l ture o f  l e a f  rusts on de tached  seed l ing  l eaves  o f  their  
r e s p ec t i v e  host plants, on the other hand, was successfu l  with al l  
iso la tes .  The most  sa t i s fa c to ry  de tached  l e a f  cu lture  was a ch ie ved  
on 0.7 % w a t e r  agar conta in ing  80 ppm b e n z im id azo le ,  and at  14 °C  in 
a 16 hour l igh t  / 8  hour darkness r eg im e .  The seed l ing  l eaves  o f  
ba r ley ,  oats ,  rye and wheat  could be mainta ined  in good condi t ion  
for  4 to  5 weeks ,  which a l lowed  enough t im e  for  the ir  rusts to  show 
a substantial  d e ve lopm en t  in c o m p a t ib l e  host - rust re la t ionships.
A lthough the som at i c  r ecom bina t ion  o f  v iru lence  genes in 
y e l l o w  rust o f  w hea t  has been repor ted  in previous work,, no r e c o m ­
binat ion even ts  could be r eco rded  in the present  studies. When the 
nuclear condit ion  o f  g e rm ina t ing  spores as w e l l  as fusion even ts  
prior  to host penet ra t ion  w e r e  inves t iga ted ,  the nuclear cond it ion 
o f  the iso lates used was a lways  d ikaryo t i c  and no fusion phenomena  
b e tw ee n  g e rm  rubes, appressoria  or substomata l  ves ic l es  could  be 
r eco rded .  H o w e v e r ,  somat ic  r ecombina t ion  o f  v i ru lence  genes  in the 
rusts is apparent ly  a rare  phenomenon and may  also be dependant  on 
the g en e t i c  background o f  the iso lates invo lved .  As i t  leads to  more  
c o m p lex  v i ru lence  combinat ions,  m ore  research into its f r equency  and 
mechanism is r ecom m ended .
From the results o f  work on g row th  and d e v e l o p m e n t  pat te rns  
o f  the c e r e a l  l e a f  rusts, i t  may be conc luded that  the e f f i c i e n c y  o f  
spore g e rm ina t ion  is more  var iab le  in y e l l o w  rust iso la tes  than in 
o ther  c e r e a l  l e a f  rusts. A lso  g e rm  tube penet ra t ion  o f  brown rusts 
and crown rust iso lates on the ir  r e s p e c t i v e  hosts, involv ing  appres-
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sorium fo rm a t ion ,  was more  e f f e c t i v e  than the d i r e c t  penet ra t ion  
ev idenced  in y e l l ow  rust iso lates .  H o w e v e r ,  once  host penet ra t ion  
had successfu l ly  taken p lace ,  co lony  g row th  and d e ve lop m en t  o f  
y e l l o w  rust iso la tes w e r e  more  ex ten s i v e  than that  o f  brown rusts 
and the number o f  spores produced f r o m  successfu l  y e l l o w  rust 
in fec t ions ,  with la rge  numbers o f  sori,  e x c e e d e d  by far  the spore 
product ion in the o ther  l e a f  rust pathogens w here  r e s t r i c t ed  uredi-  
niosori  numbers per co lony  w ere  r eco rded .  In this way  the init ia l  
d isadvantage  in g e rm ina t ion  and host penet ra t ion  in the y e l l o w  rusts 
was o f f s e t  by m ore  ex tens iv e  co lon isa t ion  and spore  product ion.  This 
d i f f e r e n c e  in g row th  and d e ve lopm en t  ch a ra c t e r i s t i c s  b e tw ee n  the 
d i f f e r e n t  rusts r e f l e c t s  thei r  d i f f e r e n t  adaptat ions to  sustaining 
high rates o f  in f ec t ion  during their  ep id e m ic  d e ve lopm en t .
Co lony  g row th  pa t te rns in host and non - host l eaves  usually 
d i v e r g ed  a t  an ea r l y  s tage  o f  rust d e ve lopm en t .  In some cases,  
h ow ev e r ,  cons iderab le  co lony  d e ve lopm en t  in non - host plants was 
observed.  Further study o f  this phenomenon in d e ve lop ing  a deeper  
understanding o f  host - pa thogen  in terac t ions  is sugges ted .
100
L I T E R A T U R E  R E F E R E N C E S
A b ie v ,S .A. ,  Zhakhanov ,A . ,  Kenesar ina ,G .N .  & Esengulova ,B .Z .  (1982).
Spec ia l isa t ion  o f  y e l l o w  rust o f  whea t  in South-Eastern Kazakhstan.  
Botanicheskie M a te r ia l y  Gerbar iya  Inst ituta Botaniki  A ca d em i i  Nauk 
Kazakhsto i  SSR 12,96-98.
A l l en ,P .J .  (1955). The ro le  o f  a se l f - inh ib i to r  in the ge rm ina t ion  o f  
rust urediospores.  Phy topa tho iogy  45,259-266.
A l l en ,P .J .  (1965). M e ta bo l i c  A spec ts  o f  spore germ ina t ion  in fungi . 
Annual  R e v i e w  o f  Phy topa tho logy  3,313-342.
A l i en ,P .J .  (1976). Con t ro l  o f  spore  ge rm ina t ion  and in f ec t ion  st ructure  
fo rm a t ion  in the fungi .  _ln_ "Phys io log i ca l  Plant  Pa tho logy  
(R .H e i t e fu ss  & P .H .W i l l iams ,  eds. )  Encyc loped ia  o f  Plant 
Phys io logy .  N e w  Series 4,51-85.
A l i en ,R .F .  (1923 a). A  c y t o i o g i c a l  study o f  in f e c t i on  o f  Baar t  and
Kanred whea ts  by Pucc in ia  gramin is t r i t i c i .  Journal o f  Agr icu l tura l  
Research  23,131-152.
A l l en ,R .F .  (1923). C y to i o g i c a l  studies o f  in f ec t ion  o f  Baart ,  Kanred
and Mindum whea ts  by Puccinia  graminis t r i t i c i  fo rm s  III and X IX .  
Journal  o f  Agr icu l tura l  Research  26,571-604.
A l l e n ,R .F .  (1926). A  c y t o i o g i c a l  study o f  Pucc in ia  t r i t i c ina  phys io lo ­
g i c  f o rm  11 on L i t t l e  club wheat .  Journal  o f  Agr icu l tu ra l  Research  
33,202-222.
A l l en ,R .F .  (1928). A  c y t o i o g i c a l  study o f  Pucc in ia  g lumarum on Bromus 
marg inatus and T r i t i cum  vu lgare .  Journal  o f  Agr icu l tu ra l  Research  
36,487-513.
A l i en ,R .F .  (1930). H e t e ro tha l l i sm  in Pucc in ia  c o ro n a ta . Nature  72,536.
A l i e n ,R .F .  (1931) H e te ro tha i l i sm  in Pucc in ia  t r i t i c ina .  Sc ience 
74,462-463.
A l l i s on ,C .C .  & Isenbeck ,K.  (1930). B io log ische Spez ia l is ie rung von
Pucc in ia  g lumarum t r i t i c i  Erickson & Henning. Phytopatho log ische  
Z e i t s ch r i f t  2,87-98.
Amerson ,H .V .  <5c Van Dyke ,C .G .  (1978). The on togeny  o f  echinu lat ion  in 
uredospores o f  Puccinia sporang io ides . Exper im en ta l  M yco logy  
2,41-50.
A ndo ,K .  <5c Ka tsu ja ,K .  (1979). Occurence  o f  abnormal  spores and uredinia 
o f  Pucc in ia  recond ita  f.sp. t r i t i c i  on a r t i f i c i a l  med ia .  T ransac­
tions o f  the M yc o lo g i ca l  Soc ie ty  o f  Japan 20,159-165.
Ando ,K .  <5c Katsu ja ,K .  (1982). Sporulation in axen ic  cultures o f  Puccinia 
co ronata  f.sp. a venae  and thei r  pa thogen ic i ty .  Transact ions o f  the 
M y c o lo g i ca l  Soc ie ty  o f  Japan 23,95-100.
1 0 1
Ando ,K . ,  Ka tsu ja ,K .  and Sato,S.  (1979). Product ion  o f  a e r ia l  m yce l ium  
and te i i ospores  o f  Pucc in ia  horiana in Chrysanthemum cal lus 
cultures.  Canadian Journal  o f  Botany 57,2162-2166.
Andres ,M .W. 6c W i lcoxson ,R .D .  (1984). A  d e v i c e  for  un i form depos it ion o f  
l iquid suspended urediospores on seed l ing  and adult plants. 
Ph y topa tho logy  74,550-552.
A n ik s t e r , Y . ( l  983) B inuc lea te  basidiospores - a g ene ra l  rule in rust
fungi .  Transact ions  o f  the British M yc o lo g i ca l  S oc i e t y  81,624-626.
A n ik s t e r , Y . (1984) The fo rm a e  spec ia les.  ]n "The  C e r e a l  Rusts" ;  Vo lume I 
(W.R.Bushnel i  6c A .P . R o e i f s ,  eds. )  p p .115-130.
Arthur ,J .C .  (1928). Progress o f  rust studies. Phy topa tho logy  
18,659-674.
Arthur ,J .C .  (1934). Manual  o f  the Rusts in United States and Canada.  
Purdue Research  Foundation,  L a f a y e t t e ,  Indiana.
As lam ,M .  6 c Schwarzbach,E .  (1980). An inoculat ion  technique for  
q uan t i ta t i v e  studies o f  brown rust res is tance  in bar ley .  
Phytopa tho log ische  Z e i t s c h r i f t  99,87-91.
As lam ,M .  6c Schwarzbach,E ,  (1984). P r e l im inary  e v id e n ce  for
hos t -cu l t i va r  adaptat ion  in f i e ld  populat ions o f  Pucc in ia  horde i . 
P roceed ings  o f  the Vlth European and Med i te r ranean C e r ea l  Rusts 
C o n f e r e n c e  ,113-117.
Bahamish,H.S.  6c W ood ,R .K .S .  (1985). Induct ion o f  suscept ib i l i t y  and 
res is tance  o f  w hea t  l eaves  by pre inocu la t ion  with high and low  
v i ru lence  races  o f  Pucc in ia  r econd i ta  f.sp. t r i t i c i .
Phytopatho log ische  Z e i t s c h r i f t  113,97-112.
Bampton,S.S. '  6c Manners,J.G.  (1957). Germ  tube fusion in Pucc in ia  
graminis t r i t i c i . Nature  179,483.
Bar t l e t t , J .T .  6c Ba in br idge ,A .  (1978). Vo lum et r ic  sampling  o f
m icroorgan isms in the a tm os p h e re . ] ^  "P lan t  Disease E p id e m io lo g y "
( P .R .S c o t t  6c A .Ba inbr idge ,  eds. ) ,  pp. 23-30.
Bartos,P.  (1984). Genes  for  s tem  rust res istance in European wheats.  
Proceed ings  o f  the Vlth European and Med it e r ranean C e r e a l  Rusts 
C o n f e r e n c e , 29-32.
Bartos,P. ,  F le ischmann,G. ,  Samborsk i ,D.J .  6c 5h ip ton ,W .A .  (1969).
Studies on asexual  va r ia t ion  in the  v i ru lence  o f  oa t  c rown  rust and 
whea t  l e a f  rust. Canadian Journal  o f  Botany 47,1383-1387.
Bat t s ,C .C .V .  6 c El l io t ,C .S .  (1952). Ind icat iones o f  e f f e c t s  o f  y e l l ow  
rust on y ie ld  o f  whea t .  Plant  Pa tho logy  1,130-131.
Bauch,R.  6 c Simon,U. (1957). Ku lturversuche m it  Ros tp i l z en .  Ber ich te  der 
Deutschen Botanischen G ese l l s cha f t  70,145-156.
102
B ay le s ,R .A .  <5c P r i e s t l e y ,R .H .  (1983). Y e l l o w  Rust o f  Wheat.  U .K .  C e rea l  
Pa thogen  Vi rulence Su rvey , 1982 Annual  Repor t .  27-36.
B a y ie s ,R .A .  & P r i e s t l e y ,R .H .  (1984). The use o f  c luster  analysis to 
id en t i f y  sp ec i f i c  res is tances  against  Pucc in ia  s t r i i f o rm is  in 
w in te r  whea t  va r ie t i e s .  P roceed ings  o f  the Vlth European and 
Med i te r ranean  C e r ea l  Rusts C o n f e r e n c e ,33-36.
B ay le s ,R .A .  & Thomas,J.E.  (1984). Y e l l o w  rust o f  wheat.  UK C e r ea l  
Pa thogen  Vi rulence Survey , 1983 Annual  Repor t .  23-31.
B ay le s ,R .A .  & Thomas,J.E.  (1985). Y e l l o w  rust o f  wheat.  U K  C e r ea l  
Pa thogen  V iru lence  Survey , 1984 Annual  Repor t .  18-27.
B e c k e t t ,A . ,  R e ad ,N .D .  & P o r t e r ,R .  (1984). Variat ions in fungal  spore 
dimensions in re la t ion  to  prepara to ry  techniques  fo r  l ight  
m icroscopy  and scanning e l e c t r o n  m ic roscopy .  Journal o f  M ic roscopy  
136,87-95.
B e l l ,A .A .  & Da ly ,J .M . (1962). Assay and part ia l  pur i f i ca t ion  o f  s e l f
inhibitors o f  ge rm ina t ion  f r o m  uredospores  o f  the bean rust fungus. 
Phy topa tho logy  52,261-266.
Bha t t i ,M .H .R .  & Sha t tock ,R .C .  (1980). A x e n i c  cu lture  o f  Phragmid ium 
mucronatum. Transact ions  o f  the British M yc o io g i ca l  Soc ie ty  
74,595-600.
Bjoerkmann, ! .  (1960). Exper iments  with  c e r e a l  rusts on de tached  l eaves  
in b e n z im id azo le .  Botaniske No t ise r  113,82-86.
Bogachev ,Y . I .  (1981) (abstrac t ) .  An e f f e c t i v e  method  o f  e s t im a t in g  the 
res is tance  o f  spec imens to brown rust. R e v i e w  o f  P lant  Pa tho logy  
61,539.
Br idgmon,H . (1959). Product ion o f  new races  o f  Pucc in ia  gramin is  var.  
t r i t i c i  by v e g e t a t i v e  fusion. Ph y topa tho logy  49,386-388.
Browder ,L .E .  & You ng ,H .C .  (1975). Further  d e v e l op m en t  o f  an
in f e c t i o n - t y p e  cod ing  sys tem for the c e r e a l  rusts. Plant Disease 
R ep o t e r  59,964-965.
Brown,J.F.  & Sharp,E.L. (1970). The r e l a t i v e  surviva l  ab i l i t y  o f  
pa thogen ic  types  o f  Pucc inia s t r i i fo rm is  in mixtures.
Phy topa tho logy  60,529-533.
Brown ing ,J .A .  (1954) (abs trac t ) .  Breakdown o f  rust res is tance in
de tached  l eaves  o f  normal ly  res is tant  oa t  va r i e t i e s .  Phytopatho logy  
44,483.
B u i i e r ,A .H .R .  (1941). The diplo id c e i l  and the diplo idisat ion  process 
in plants and animals with spec ia l  r e f e r e n c e  to  higher fungi. 
Botan ica l  Revu e  7,335-431.
Bu l ie r ,A .H .R .  (1950). Research  on fungi. Vol. VII, Un ivers i t y  o f  
To ron to ,  To ronto .
103
Bushnel l ,W.R.  (1968). In v i t ro  d e v e l op m en t  o f  an Austra l ian  iso la te  o f  
Pucc ima  graminis f .sp. t r i t i c i .  Phy topa tho logy  58,526-527.
Bushnel l ,W.R.  (1976). Growth  o f  races  38 and 17, Pucc in ia  graminis 
f .sp. t r i t i c i  on a r t i f i c i a l  med ia .  Canadian Journal o f  Botanv 
54,1490-1498.
Bushnel i ,W.R.  Sc Ra jendren ,R .B .  (1970)  (abstrac t ) .  Casein  hydroiysates  
and peptones fo r  a r t i f i c i a l  cu lture o f  Pucc in ia  gramin is  f.sp. 
t r i t i c i . Phytopa tho logy  60,1287.
Bushnel l ,W.R.  Sc S t ew ar t ,D .M .  (1971). D ev e l o p m en t  o f  A m e r i ca n  iso la tes 
o f  Pucc in ia  gramin is f.sp. t r i t i c i  on an a r t i f i c i a l  medium. 
Phytopa tho logy  61,376-379.
C a r tw r igh t ,D .W .  Sc Russel ,G.E.  (1981). D ev e l o p m en t  o f  Pucc in ia
st r i i f o rm is  in a suscept ib le  w in te r  w hea t  va r i e t y .  Transact ions  o f  
the British M yc o lo g i ca l  Soc ie ty  76,197-204.
Chamber la in ,N .H .  Sc Doodson,J .K .  (1970) . R a c e  58C o f  Puccinia 
s t r i i fo rm is  (w hea t  y e l l o w  rust). Transact ions o f  the British 
M y c o lo g i ca l  Soc ie ty  55,187-190.
Chamber la in ,N .H .  <5c Doodson,J .K .  Sc Johnson,R.  (1971). The o c cu rrence  o f  
two  new phys io log ic  races  o f  Pucc in ia  s t r i i f o rm is  in Bri tain.  Plant 
Pa tho logy  20,92-95.
Chamber la in ,N .H . ,  Doodson,J .K .  Sc M e ad w a y ,M .H .  (1972). A  technique for  
the eva lua t ion  o f  the res is tance o f  bar ley  va r i e t i e s  to  in fec t ion  
with brown rust ( Pucc in ia  hordei  Ot th ) .  Journal  o f  the  Nat iona l  
Ins t i tute o f  Agr icu l tura l  Botany 12,440-446.
Chares ,P .M . ,  M iv i i i e ,L .  Sc Pauze ,F .J .  (1983). N o t e  sur une technique 
s imple pour 1 ' obtens ion de plantules ster i l es  e t  son app l i cat ion  
pour des etudes en h is topatho iog ie .  P h y top ro te c t i on  64,31-34.
Ches te r ,K .S .  (1946). The nature and p reven t ion  o f  the c e r e a l  rusts as 
e x e m p l i f i e d  in the l e a f  rust o f  whea t .  Chronica  Botan ica,  Waltham, 
Massachusetts.
C l i f f o rd ,B .C .  Sc Harr is ,R .G .  (1981). Con t ro l l ed  en v i r onm en t  studies o f  
the ep id e m ic  po ten t ia l  o f  Pucc in ia  recond i ta  f .sp. t r i t i c i  on whea t  
in Bri tain. Transact ions  o f  the British M yc o io g i ca l  Soc ie ty  
77,351-358.
C l i f f o rd ,B .C .  Sc R oder ick ,H .W .  (1978). A  c o m p a ra t i v e  h is to logy  o f  some 
bar ley  brown rust in teract ions .  Annals o f  App l ied  Biology  
89,295-298.
C l in ton ,G .P .  Sc M c C o r m ic k ,F .A .  (1924). Rust in f e c t i on  o f  l eaves  in pe tr i  
dishes. Bul letin o f  the C onnec t i cu t  Agr icu l tu ra l  Exper imen t  Stat ion 
260,475-501.
104
C o f f e y , M . D .  (1975). O b l i ga te  parasi tes  o f  higher plants, pa r t i cu la r ly  
rust fungi. Symposia o f  the Soc ie ty  o f  Exper im en ta l  Biologists 
29,297-323.
C o f f e y ,M .D .  & A l l e n , P .3. (1973). Nutr i t ion  o f  Me lam psora  lini and
Pucc in ia  he l iath i .  Transact ions  o f  the Brit isch m y c o lo g i c a l  Soc ie ty  
60,245-260.
C o f f e y ,M .D . ,  Bose ,A .  & Shaw,M. (1969). In v i t ro  g row th  o f  g e la t in e  
suspensions o f  uredospores o f  Pucc in ia  gramin is f .sp. t r i t i c i .  
Canadian Journal  o f  Botany 47,1291-1293.
C o l l e y ,R .H .  (1918). Paras i t i sm, morpho logy  and c y t o l o g y  o f  Cronart ium 
r ib i c o la . Journal  o f  Agr icu l tura l  Research  15,619-659.
C ra ig ie ,J .H .  (1927) . Exper iments  on sex in rust fungi . Nature  
120,116-117.
Cummins,G.B.  (1971). The Rust Fungi o f  Cerea ls ,  Grasses and Bamboos.  
Springer Verlag ,  Berlin, He ide lberg ,  N e w  York .
C u t t e r ,V .M .  (1952). Observat ions  on the g row th  o f  U rom yces  ca lad i i  in 
t issue cultures o f  A r isaem a  t r iphy l lum . Phy topa tho logy  42,479.
C u t t e r ,V .M .  (1959). Studies on the iso lat ion and g row th  o f  plant rusts 
in host t issue cultures and upon syn the t ic  med ia .  I. 
Gymnosporangium. M y c o lo g ia  51,248-295.
C u t t e r ,V .M .  (1960). Studies on the isolat ion  and g row th  o f  plant rusts 
in host t issue cultures and upon synthet i c  med ia .  II. U rom yces  
a r i - t r i p h y l l i . M yco log ia  52,726-742.
Dav ison ,A .D .  & Vaughan,E.K.  (1964). E f f e c t  o f  urediospore concen tra t i on  
on de te rm in a t ion  o f  races  o f  U rom yces  phaseol i  var. phaseoli .  
Phy topa tho logy  54,336-338.
Deml ,G . ,  Bauer ,R .  & Oberw ink le r ,F .  (1982 a). Untersuchungen an
H e te rob as id iom yce te n ,  T e i l  16. Axen ische  Kultur von Co leospor ium 
tussi lagin is (Pe rs . )  L&c (U red ina les )  II. Kreuzungsversuche  mit  
monokaryo t ischen  S taemmen.  Phytopa tho iog ische  Z e i t s c h r i f t  
103,149-155.
Dem l ,G . ,  Bauer ,R .  & Oberw ink le r ,F .  (1982 b). Studies in
h e te ro ba s id io m yce t es  Pa r t  9. A x en i c  cu ltures o f  Co leospor ium 
tussilagin is (U red ina les ) .  I. Isolat ion,  id en t i f i ca t ion ,  and 
charac te r i sa t ion  o f  the cu lture .  Phytopa tho iog ische  Z e i t s ch r i f t  
104,39-45.
Do l ing ,D .A .  & Doodson ,J .K .  (1968). The e f f e c t  o f  y e l l o w  rust on y ie ld  
o f  spring and w inte r  whea t .  Transact ions  o f  the British M yc o lo g i ca l  
Soc ie ty  51,427-434.
E l l in gboe ,A .H .  (1961). Somat ic  r ecombina t ion  in Pucc in ia  gramin is  var.  
t r i t i c i .  Ph y topa tho logy  51,13-15.
Evans,B.  Po le  (1907). The c e r e a l  rusts. 1. The d e v e l op m en t  o f  thei r  
uredo m yce l ia .  Annals o f  Botany 21,441-466.
105
F a la h a t i -R as te ga r ,M . ,  Manners,G.J. & Smart t ,J .  (1981). E f f e c t s  o f
t em p e ra tu r e  and inoculum dens ity  on c o m p e t i t i o n  b e tw e e n  races  o f  
Pucc in ia  hordei .  Transact ions o f  the British M yco io g i ca l  Soc ie ty  
77,359-368.
Fa ia ha t i -R as te ga r ,M . ,  Manners,G.J.  & Smart t ,J .  (1983). Fac to rs  
de te rm in ing  results o f  c o m p e t i t i o n  be tw een  races  o f  Pucc inia 
horde i . Transact ions  o f  the British M y c o io g i c a l  S oc i e t y  81,233-239
F i s c h e r , E .  ( 1 9 0 4 ) .  D i e  U r e d i n e e n  d e r  S c h w e i z .  V e r l a g  K . J .  W y s s ,  B e r n .
Flo r ,  H.H. (1942). Inheri tance o f  pa thogen ic i ty  in Me lampsora  l in i . 
Ph y topa tho logy  32,653-669.
Flor,  H.H. (1958). Mutat ion  to  w ider  v iru lence  in Me lam psora  lini. 
Phy topa tho logy  48,297-301.
Flor,  H.H. (1964). Gene t ics  o f  som a t i c  var ia t ion  for  pa thogen ic i ty  in 
Me lampsora  -l ini. Phy topa tho logy  54,823-828.
Flor,  H.H. (1971). Current status o f  the g e n e - f o r - g e n e  concep t .  Annual  
Revu e  o f  Ph y topa tho logy  9,275-296.
Foudin,A.S.  & Wynn,W.K. (1972). G row th  o f  Pucc in ia  gramin is  f.sp. 
t r i t i c i  on a de f ined  med ium. Ph y topa tho logy  62,1032-1040.
Fragoso ,R .G .  (1924). Ured ina les  I. M .N .C .N . ,  Madrid.
F ry ,D .C .  & W il le t t s ,H .J .  (1974). St imulat ion  o f  g row th  o f  w hea t  st em 
rust in axen ic  cu lture by d i th io thre i to l  (D T T ) .  Transact ions  o f  the 
British M y c o io g i ca l  Soc ie ty  62,198-202.
Fuchs,W.H. & G a e r tn e r ,A .  (1958). Untersuchungen zur Ke imungsphys io log ie  
des Schwarzros tes  Pucc inia gramin is t r i t i c i  (P e rs . )  Erikss. e t  
Henn. A rch iv  fuer M ik rob io log ie  28,303-309.
G a e r tn e r ,A .  & Fuchs,W.H. (1962). We i te res  zur Ke im ungsphys io log ie  von 
Pucc in ia  gramin is  t r i t i c i  (Pers . )  Erikss. & Henn. A rc h iv  fuer 
M ik rob io log ie  41,169-174.
Gaeumann,E.  (1949). Die P i l z e ,  Grundzuege  ihrer Entw ick lungsgesch ichte  
und Morpho log ie .  Ver lag  Birkhaeuser,  Basel.
Gaeumann,E.  (1959). Die Ros tp i l z e  M i t te l europas .  In "B e i t r a e g e  zur 
K ry p t o g a m e n f l o ra  der S c h w e i z "  XII,  Buechier  & Co. ,  Bern.
Gassner,G.  & Straib,W. (1932 a). D ie  Bes t immung der b io log ischen  Rassen 
des W e i zenge ib ros tes  Pucc in ia  g iumarum f. sp. t r i t i c i  (Schw. )
Erikss. e t  Henn. A rb e i t sb e r i ch t  der bio log ischen Re ichsansta l t  
20,141-163.
Gassner,G.  & Straib,W. (1932 b). Ueber  Mutat ionen in e in er  bio log ischen 
Rasse von Pucc in ia  g iumarum t r i t i c i  (Schw. )  Erikss. & Henn. Z e i t ­
schr i f t  fuer induktive Abstammungs und Vererbungslehre  63,154-180
106
Goddard ,M .V. (1976). C y to l o g i c a l  studies o f  Pucc in ia  s t r i i f o rm is
( y e l l o w  rust o f  whea t ) .  Transact ions  o f  the British M yc o lo g i ca l  
Soc ie ty  66,433-437.
Gram bow ,  H.J. & Muel l e r ,D .  (1978). Nuc lear  cond it ion,  types  o f  hyphai  
d e v e lop m en t  f r om  d i f f e r e n t ia t in g  and non- d i f f e r e n t ia t in g  
uredosporel ings and e f f e c t  o f  3 - 3 '-bis indo lmethane on Pucc in ia  
gramin is  f.sp. t r i t i c i  in v i t ro .  Canadian Journal  o f  Botany 
56,736-741.
Green ,G .J .  (1971). Hybr idisat ion  be tw ee n  Pucc in ia  gramin is t r i t i c i  and 
Pucc in ia  gramin is secal is  and its evo lu t ionary  impl icat ions .
Canadian Journal  o f  Botany 49,2089-2095.
Green ,G .J .  (1976) . A xen ic  cu lture o f  Pucc in ia  spec ies c o l l e c t e d  in 
Canada.  Canadian Journal  o f  Botany 54,1 198-1205.
Green ,G .J .  & M c K e n z i e , R . I.H. (1967). Mende l ian and ex t ra ch rom os om a l  
inher i tance  o f  v iru lence  in Pucc in ia  graminis f.sp. avenae .
Canadian Journal  o f  Gene t ics  and C y to l o g y  9,785-793.
Groth,J .V .  (1984). Vi ru lence f r equency  and dynamics o f  c e r e a l  rust 
fungi .  In_ "The  C e r ea l  Rusts" ;  Vo lume I; Or ig ins,  Spec i f i c i t y ,  
St ructure and Phys io logy  (W. R.Bushnel l  & A . P . R o e l f s ,  eds. )  
p.231-252.
G rove ,W .B .  (1913). The British Rust Fungi. Cam br idge  U n ive rs i ty  Press,  
412 pages.
H a r t l ey ,M .J .  & W i l l i ams ,P .G .  (1971 a). G en o typ ic  var ia t ion  w ith in  a 
phenotype  as a possible basis for  so m a t i c  hybrid isat ion in rust 
fungi. Canadian Journal o f  Botany 49,1085-1087.
H a r t l ey ,M .J .  & W i l l i ams ,P .G .  (1971 b). Interac t ions  b e tw ee n  strains o f  
Pucc in ia  gramin is  f.sp. t r i t i c i  in axen ic  cu lture.  Transact ions  o f  
the British M yc o lo g i ca l  Soc ie ty  57,129-136.
H a r t l ey ,M .J .  & W i l l iams ,P .G .  (1971 c).  M orpho log ica l  and cu ltura l  
d i f f e r e n c e s  be tw een  races  o f  Pucc in ia  gramin is  f .sp. t r i t i c i  in 
axen ic  cu lture .  Transact ions o f  the British M yco io g i ca l  Soc ie ty  
57,137-144.
Hassebrauk,K.  (1970). Der Ge lb ros t  Pucc in ia  s t r i i f o rm is  West.  2
Befal lsb i ld.  Morpho log ie  und B io log ie  der Sporen. In fekt ion  und 
w e i t e r e  Entwick lung.  Wirkungen auf  die  W ir tsp f lanze .  M i t te i lungen  
der Biolog ischen Bundesanstalt  fuer Land- und Fo rs tw i r t s cha f t ,  
Ber l in -Dahlem 139,1-111.
He l fe r ,S .  (1984 ) . In fe c t ion  responses to  d i f f e r e n t  leve ls  o f  inoculum 
densi ty  in Pucc in ia  hordei  and Pucc in ia  s t r i i f o rm is  on bar ley .  
P roceed ings  o f  the Vlth European and Med i te r ranean C e r ea l  Rusts 
C o n f e r e n c e  145.
H e l f e r , S. (1985) .A  s imple  method o f  c o l l e c t in g  spores o f  funga l  l e a f  
pathogens.  Bul let in o f  the British M y c o lo g i c a l  Soc ie ty  19,68-69.
107
Hennessey ,C .M .R .  & Sackston,W.E. (1970). Studies on sunf lower  rust. V. 
Cul ture o f  Pucc in ia  hel ianthi  throughout its c o m p l e t e  l i f e  c y c l e  on 
de tached  l eaves  o f  sun f lower  (Hel ianthus annosus). Canadian Journal  
o f  Botany 48,1811-1813.
H iratsuka ,Y .  & Sato,S. (1982). Morpho logy  and taxonom y  o f  rust fungi.
In "The  Rust Fungi"  (K . J .Sco t t  & A .K .C h a c r a v o r t y ,  eds. )  A c a d e m ic  
Press,  N e w  York .  pp. 1-36.
Hoerner ,G .H .  (1919). B io log ic  fo rms o f  Pucc in ia  co rona ta  on oats.  
Phy topa tho logy  9,309-314.
Hotson ,H .H . (1953). The g rowth  o f  rust in t issue cu lture .
Phy topa tho logy  43,360-363.
Hotson ,H .H . & C u t t e r , V.M. (1951). The iso lat ion and cu l ture o f
Gymnosporangium juniper i -v irg in ianae Schw. upon a r t i f i c i a l  med ia .  
P roceed ings  o f  the Nat iona l  A c a d e m y  o f  Sc ience  37,400-403.
Hughes ,H.P .  & M a c e r ,R .C .F .  (1964). The prese rva t ion  o f  Pucc in ia
s t r i i fo rm is  and o ther  ob l i ga t e  c e r e a l  pathogens by vacuum-dry ing .  
Transact ions  o f  the British M y c o lo g i ca l  Soc ie ty  47,477-484.
Hyde ,P .M .  & Poyn i t z ,B .  (1983). A  s imple method  for  the r e l iab le  
in f e c t i on  o f  adult  c e r ea l  leaves  with Pucc in ia  r e c o n d i t a . Ce rea l  
Rusts Bul let in 11,62-63.
Johnson,R.  (1972). Minor g en e t i c  var ia t ions  for  v i ru lence  in iso lates 
o f  Pucc in ia  s t r i i f o rm is . P roceed ings  o f  the Illrd European and 
Med i te r ranean  C e r e a l  Rusts C o n f e r e n c e , Prague 141-144.
Johnson,T.  Sc N ew to n ,M .  (1946). Spec ia l isat ion ,  hybr idisat ion,  and 
mutat ion in the c e r e a l  rusts. Botan ical  Revue  12,337-392.
King,E.  & P o i l e y ,R .W .  (1976). Observat ions  on the ep id e m io l o g y  and 
e f f e c t  on grain y ie ld o f  brown rust in spring bar ley .  Plant  
P a tho logy  25,63-73.
Kn ights ,J .K .  & Lukas,J .A .  (1981). Ph o to con t ro l  o f  Pucc in ia  gramin is 
f .sp. t r i t i c i  uredospore  ge rm ina t ion  in the  f i e ld .  Transact ions  o f  
the British M y c o lo g i ca l  Soc ie ty  77,519-527.
Kuhl,J .L. ,  Mac lean ,D .J . ,  S c o t t ,K.J. & W i l l i ams ,P .G .  (1971). The axen ic  
culture  o f  Pucc in ia  spec ies  f rom  uredospores.  Canadian Journal  o f  
Botany 49,201-209.
Lane ,W.D .  & Shaw,M. (1972). A xen ic  cu lture o f  f l ax  rust iso la ted  f rom  
co te lydons  by c e l l  wa l l  d igest ion.  Canadian Journal  o f  Botany 
50,2601-2604.
Lehmann ,E., Kum m er ,H .  3c Dannenmann,H. (1937). Der  Schwarzros t ,  se ine  
Gesch ich te ,  se ine B io log ie  und se ine  Bekaempfung  in Verbindung mit  
der B e rb e r i t z en f ra g e .  J.F, Lehmanns Ver lag ,  Muenchen & Berl in.
L iro,J. I .  (1908). Ured ineae  fenn icae .  Bidrag t i l i  Kaennedom a f  Finlands 
Natur  och Folk 65,640 pp.
108
L i t t l e ,R .  & Manners,  J.G. (1969 a). Somat ic  recombina t ion  in y e l l o w  rust 
o f  w hea t  ( Pucc inia s t r i i f o rm is ). I. P roduct ion  and possible or ig in 
o f  tw o  new phys io log ic  races .  Transact ions  o f  the British 
M y c o lo g i ca l  Soc ie ty  53,251-258.
L i t t l e ,R .  <5c Manners,J.G.  (1969 b). Somat ic  recombina t ion  in y e l l o w  rust 
o f  w hea t  ( Pucc in ia  s t r i i f o r m is ). II. Ge rm tub e  fusions, nuclear 
number and nuclear s ize.  Transact ions  o f  the British M y c o lo g i ca i  
Soc ie ty  53,259-267.
L i t t l e f i e l d ,L .J .  & H ea th ,M .C .  (1979). U l t ras truc ture  o f  Rust Fungi . 
A c a d e m ic  Press,  N e w  York .
L oege r in g ,W .Q .  (1984). Gene t ics  o f  the pa thogen - host associa t ion .  Jn 
"The  C e r e a l  Rusts" ;  Vo lume I (W.R.Bushnel l  & A .P . R o e l f s ,  eds. )  
pp .165-192.
Lumbroso,E. ,  An iks te r ,Y . ,  Moseman,J .G . & Wahl,I. (1977) . C om p le t i on  o f  
l i f e  c y c l e s  o f  Pucc in ia  hordei  and U rom yces  sc i l larum on de tached  
l eaves  o f  thei r  hosts. Phy topa tho logy  67,941-944.
M a c e r ,R .C .F .  (1967) . The oc currence  o f  a v iru lent  and g en e t i c a l l y  
s table phys io log ic  race  o f  Pucc in ia  s t r i i f o rm is . Transact ions o f  
the British M y c o lo g i c a l  Soc ie ty  50,305-310.
M a c e r ,R .C .F .  & Do l ing ,D .A .  (1966). The o c cu rrence  o f  a v i ru lent  and 
g en e t i c a l l y  stable phys io log ic  race  o f  Pucc inia s t r i i f o r m is . 
Transact ions o f  the British M yco lo g i ca i  S oc i e t y  50,305-310.
Mac lean ,D .J .  (1982). A x en i c  cu lture and m etabo l i sm .  Jn_ "The  Rust Fungi"  
(K .J .S c o t t  5c A .K .C h a c r a v o r t y ,  eds. )  A c a d e m ic  Press,  N e w  York .  pp. 
37-120.
Mac lean ,D .J .  & Sco t t ,K .J .  (1974). P a th ogen ic i t y  o f  var iant  strains o f  
the w hea t  s tem  rust fungus iso la ted  f r om  axen ic  cu lture.  Canadian 
Journal  o f  Botany 52,201-207.
M ac lean ,D .J . , Tom m eru p ,J .C .  <5c Sco t t ,K .J .  (1974). G en e t i c  status o f
m onokaryo t i c  var iants o f  the w hea t  s t em  rust fungus i so la ted  f rom  
axen ic  cu lture.  Journal o f  Genera l  M ic rob io lo gy  84,364-378.
Maheshwar i ,R . ,  A l l en ,P .J .  & H i idebrand t ,A .C .  (1967). Phys ica l  and 
ch em ica l  fa c to rs  contro l l ing  the d e ve lopm en t  o f  in f ec t ion  
structures  f r om  ured iospore g e rm  tubes o f  rust fungi.
Ph y topa tho logy  57,855-862.
Mains,E.B.  (1926). R y e  res is tance to  l e a f  rust, s tem rust and powdery  
m i ldew .  Journal o f  Agr icu l tu ra l  Research  32,201-221.
Mains,E.B.  & Jackson,H.S.  (1926). Phys io log ic  spec ia l i sat ion  in the 
l e a f  rust o f  whea t ,  Pucc in ia  t r i t i c ina  Erikss. Ph y topa tho logy  
16,89-120.
109
McIn tosh ,R .A .  & Watson ,I .A .  (1982). Gene t ics  o f  host - pathogen 
in terac t ions  in rusts. jn_ "The  Rust Fungi "  (K .J .Sco t t  & 
A .K .C h a c r a v o r t y ,  eds. )  A c a d e m ic  Press,  N e w  York .  pp. 121-149.
M c N e a l ,F .H . ,  K o n za k ,C .F . ,  Smith,E .P . ,  Ta te ,W .S .  & Russel ,T.S.  (1971) . A  
uni form sys tem fo r  record ing  and process ing  c e r e a l  resea rch data.  
U.S. D ep a r tm en t  o f  Agr icu l tu re ,  Agr icu l tura l  Research  Serv ice ,  
34-121.
M e tz l e r ,B .  (1981). Pycnidia ls truktur  und Pycnosporogenese  bei
Gymnosporangium fuscum DC. Z e i t s ch r i f t  fuer M y c o lo g i e  47,271-280.
Nayar ,S .K . ,  Sr ivastava ,M . ,  Goe i ,L .B . ,  Sharma,S.K . ,  Bahadur,P. &
M een a ,K .L .  (1981) . Colour  mutat ion in race  10 o f  Pucc in ia  recond it a  
Rob.  ex Desm. C e r e a l  Rusts Bul let in 9,1,14-15.
N e ls on ,R .R .  (1956). Transmission o f  f a c t o rs  for  ured in iospore co lo r  in
Pucc in ia  gramin is  var.  t r i t i c i  by means o f  nuclear exchange  be tw ee n  
v e g e t a t i v e  hyphae.  Phytopa tho logy  46,538-540.
N e ls on ,R .R .  W i lcoxon ,R .D .  & Christensen,  J.J. (1955). Heterokaryos is  as 
a basis fo r  var ia t ion  in Pucc inia graminis var .  t r i t i c i .
Ph y topa tho logy  45,639-643.
N e w to n ,A .C . ,  Johnson,R.  & C a ten ,C .E .  (1982). Analys is  o f  a new
phenotype  aris ing f r om  a m ix ture  o f  w hea t  and bar ley  y e l l o w  rust 
using mo lecu la r  markers.  Advances  in Research  on Rusts C o n f e r e n c e  
Repor t .
N iks ,R .E.  (1981). Appressorium fo rm a t ion  o f  Pucc in ia  hordei  on
par t ia l l y  res istant  bar ley  and t w o  non-host  spec ies.  Netherlands 
Journal  o f  Plant Pa tho logy  87,201-207.
N iks ,R .E .  (1982). Early abort ion  o f  co lon ies  o f  l e a f  rust, Puccinia 
ho rd e i , in part ia l ly  res istant  bar ley  seedl ings.  Canadian Journal  
o f  Botany 60,714-723.
Og le ,H .J .  & Brown,J .F .  (1970). R e l a t i v e  ab i l i ty  o f  tw o  strains o f
Pucc in ia  gramin is  t r i t i c i  to  surv iv e  when mixed .  Annals o f  Appl ied  
B io logy  66,273-279.
Og le .H .J .  & Brown,J .F .  (1971). Some fa c to r s  a f f e c t i n g  the r e l a t i v e
ab i l i t y  o f  tw o  strains o f  Pucc in ia  graminis t r i t i c i  to  surv iv e  when 
mixed .  Annals o f  App l ied  B io logy  67,157-168.
P a rm e t e r ,J .R . ,  Snyder ,W.C . & R e i c h l e , R . E . ' (1963). Heterokaryos is  and 
va r iab i l i t y  in p lan t -pa thogen ic  fungi. Annual  r evue  o f  
Phy topa tho logy  1,51-76.
Person ,C .  Samborski ,D.J.  & Forsy th ,F .R .  (1957). E f f e c t  o f  b e n z im id azo l e  
on de tached  wheat  leaves .  Nature  180,1294.
Pe te r sen ,L .J .  (1959). Re la t ions  be tw ee n  inoculum density and in f ec t ion  
o f  w hea t  by uredospores o f  Pucc in ia  gramin is var. t r i t i c i .  
Phytopa tho logy  49,607-614.
110
P low r igh t ,C .B .  (1889). " A  Monograph o f  the British U red ineae  and 
U s t i la g ineae . "  London.
Poyn tz ,B .  & Hyde ,P .M .  (1985). The expression o f  r a c e - s p e c i f i c  
res is tance o f  whea t  seedl ings to  Pucc in ia  r e c o n d i t a . 
Phytopatho log ische  Z e i t s c h r i f t  113,158-164.
P r i e s t l e y ,R .H . ,  B ay le s ,R .A .  & Cro f t s ,J .  (1982). Y e l l o w  rust o f  wheat.
U.K.  Ce rea l  Pathogen  Vi rulence Survey, 1981 Annual  R e p o r t , 18-29.
P r i e s t l e y ,R .H .  & D o l ing ,D .A .  (1974). Aggress iv eness  o f  Pucc in ia  
s t r i i f o rm is  iso lates on wheat  cu l t ivars .  Transact ions o f  the 
British M yc o lo g i ca l  Soc ie ty  63,549-557.
Q u ick ,W .A .  & Cross ,S .L .C .  (1971). The use o f  M i l l ipo re  f i l t e r  discs in 
axen ic  cu lture o f  f l ax  rust. Canadian Journal  o f  Botany 49,187-188.
Raymundo,S .A .  ¿c Y oung ,H .C .  (1974). Improved methods for  the axen ic  
cu lture o f  Pucc in ia  recond it a  f .sp. t r i t i c i .  Ph y topatho logy  
64,262-263.
Rodenh ise r ,H .A .  & H u rd -K a r re r ,A .M .  (1947). Ev idence  o f  fusion bodies 
f r om  uredospore g e rm  tubes o f  c e r e a l  rusts on nutr ient solut ion 
agar.  Ph y topa tho logy  37,744-756.
R o e l f s ,A .P .  (1984). R a ce  s p e c i f i c i t y  and methods o f  study, hn "The  
C e r ea l  Rusts" : Vo lume 1 (W.R.Bushnel l  & A .P . R o e l f s ,  eds. ) ,  pp. 
131-164.
R o e l f s ,A .P .  (1985). Wheat and rye  s tem rust. Jn̂  "The  C e r ea l  Rusts";  
Volume II ( A . P . R o e l f s  & W.R.Bushnel l ,  eds. ) ,  pp. 3-37.
Rohr inger ,R . ,  K im ,W .K . ,  Samborsk i ,D.J .  5c H o w e s ,N .K .  (1977). C a lc o f lu o r  
an op t i ca l  br ightener  fo r  f luo res cence  m ic roscopy  o f  fungal  plant 
parasites in leaves .  Phy topa tho logy  67,808-810.
Rowe l l , J .B .  (1984). Con t ro l l ed  in f ec t ion  by Pucc in ia  gramin is  f.sp. 
t r i t i c i  under a r t i f i c i a l  condit ions.  jn_ "The  C e r e a l  Rusts" ;  Volume
I (W.R.Bushnel l  & A .P . R o e l f s ,  eds. ) ,  pp .291-332.
Russe l l ,G.E.  (1976). Germ inat ion  o f  Pucc in ia  s t r i i f o rm is  uredospores  on 
l eaves  od adult  w in te r  whea t  plants. Annals o f  App l i ed  B io logy  
82,71-78.
Saari ,E.E. 5c P r e sco t t ,J .M .  (1985). World dis tr ibut ion in re la t ion  to 
e c o n o m ic  losses. _In_ "The  C e r ea l  Rusts" ;  Volume II ( A . P . R o e l f s  & 
W.R.Bushnel l ,  eds. ),  pp.259-298.
Samborsk i ,D.J .  (1985). Wheat  l e a f  rust. Jn "The  C e r e a l  Rusts" ;  Volume
II ( A . P . R o e l f s  5c W.R.Bushnel l ,  eds. ) ,  pp. 39-59.
Samborsk i ,D.J . ,  Fo rsy th ,F .R .  & Person ,C .  (1958) . M e tabo l i c  changes in 
de tached  wheat  l eaves  f l o a t ed  on b e n z im id a z o l e  and the e f f e c t  o f  
these changes on rust r eac t ion .  Canadian Journal  o f  Botany 
36,591-601.
Sav i le ,D .B .O .  (1984). Taxonom y  o f  the c e r ea l  rust fungi. Jn "The  C e r ea l
Rusts" ;  Volume 1 (W.R.Bushnel l  & A .P . R o e l f s ,  eds. ),  pp. 79-112.
Savulescu,T.  (1953). "M on o g ra f í a  Ured ina le lo r  din Repúbl ica  populara 
Romana . "  Volume I <5c II, Bukarest .
S ch a f e r ,J .F . , R o e l f s ,A .P .  <5c Bushnel l ,W.R.  (1984). Contr ibutions  o f  
e a r ly  sc ient ists to  know ledge  o f  c e r e a l  rusts. Jn_ "The  C e r ea l
Rusts";  Volume I (W.R.Bushnel l  & A . P . R o e l f s ,  eds. ) ,  pp. 3-38.
Schroeder ,H .von  & Hassebrauk,K.  (1964). Untersuchungen ueber die 
Ke imung der Uredosporen  des Ge lbrostes  ( Pucc in ia  s t r i i fo rm is  
West. ) .  Z en t ra lb la t t  fuer Bak te r io logy  und Parasi tenkunde 
118,623-657.
Scott ,  K.J. (1976). G row th  o f  b io troph ic  paras ites in axen ic  cu lture.
In "Phys io log ica l  P lant  Pa th o lo g y "  (R .H e i t e fu ss  & P .H .W i l l iams,  
eds. ) ,  Encyc loped ia  o f  P lant  Phys io logy  4,719-742.
S co t t ,K .J .  & Mac lean ,D .J .  (1969). Culturing o f  rust fungi . Annual  R e v i e w  
o f  Ph y topa tho logy  7,123-146.
5harma,5.K.  & Prasada ,R .  1970). Som at ic  recombina t ions  in the l e a f  rust 
o f  whea t  caused by Pucc in ia  recond i ta  Rob.  ex  Desm. 
Phytopa tho log ische  Z e i t s ch r i f t  67,240-244.
Sharp,E.L.  (1965). P repene t ra t ion  and pos tpenet ra t ion  en v i ronm en t  and 
d e ve l op m en t  o f  Pucc in ia  s t r i i fo rm is  on whea t .  Phytopa tho logy  
55,198-203.
Shaw,M. (1963). The physiology  and hos t-paras it e  re la t ions o f  the 
rusts. Annual  r e v i e w  o f  Ph y topa tho logy  1,259-294.
Shteinberg ,D .,  Moran i ,A .  & D inoo r ,A .  (1984). Y i e ld  loss assessment  for  
y e l l o w  rust under sem i-ar id  cond it ions.  P roceed ings  o f  the  Vlth 
European and Med it e r ranean C e rea l  Rusts C o n f e r e n c e , 21.
S ing le ton ,L .L . ,  Moore ,M .B . ,  W i lcoxson ,R .D . & K e rnkam p,M .F .  (1982). 
Evaluat ion  o f  oa t  c rown  rust disease pa ram ete rs  and y ie ld  in 
m ode ra t e l y  resistant  cu lt ivars .  Phy topa tho logy  72,538-540.
Stakman,E.C.  & P iem e ise l ,F .J .  (1917). B io log ic  fo rms o f  Pucc in ia
graminis on ce rea ls  and grasses. Journal o f  Agr icu l tura l  Research  
10,429-496.
S tap les ,R .C .  & Macko,V .  (1984). Germ inat ion  o f  urediospores and 
d i f f e r e n t ia t i o n  o f  in f ec t ion  st ructures .  jn_ "The  C e r e a l  Rusts" ;
Vo lume I (W.R.Bushnel l  & A .P . R o e i f s ,  eds. ) ,  pp. 255-289.
S tap les ,R .C .  & Wynn,W.K. (1965). The phys io logy  o f  uredospores  o f  the 
rust fungi. Botan ical  R e v i e w  31,537-564.
Stap les ,R .C .  & Y an i f ,Z .  (1976). P ro te in  and nucle ic  ac id  metabo l i sm  
during germinat ion .  In "Phys io log i ca l  P lant  P a th o lo g y "  (R .H e i t e fu ss  
5c P .H .W i l l i ams,  eds. ) ,  Encyc loped ia  o f  Plant Phys io logy ,  N e w  Series 
4,86-103.
112
Stock ,F .  (1931). Untersuchungen ueber Ke imung und Ke imsch lauchwachs tum 
der Uredosporen e in ige r  G e t r e id e r o s t e .  Phytopatho log ische  
Ze i t s ch r i f t  3,231-280.
5traib,W. (1940). Phys io log ische  Untersuchungen ueber Pucc in ia  g luma-  
rum. Z en t ra lb la t t  fuer Bak te r io log ie  und Paras itenkunde 
102,154-188.
S t robe l ,G .A .  (1965). B iochem ica l  and c y t o i o g i c a l  processes assoc ia ted  
with hydrat ion o f  uredospores o f  Pucc in ia  s t r i i f o rm is .
Phy topa tho logy  55,1219-1222.
Stubbs,R.W. (1985). Str ipe rust. In_ "The  C e r e a l  Rusts" ; Volume II 
( A . P . R o e l f s  6c W.R.Bushnei l ,  eds. ),  pp. 61-101.
Stubbs,R.W. & P lo tn ikova ,J .M .  (1972). Uredospore  ge rm ina t ion  and g e rm  
tube penet ra t ion  o f  Pucc in ia  s t r i i fo rm is  in seed l ing  l eaves  o f  
res istant  and suscept ib le  whea t  va r i e t i e s .  Ne ther land 's  Journal  o f  
Plant Pa tho logy  78,258-264.
Sydow,P .  (1904). "Monographia  Uredinarum. I. P u cc in ia . " L ips iae ,  972 
pages.
Tin I ine ,R .D .  6c M a cN e i l l ,B .H .  (1969). Pa rasexua l i ty  in plant pa thogen ic  
fungi . Annual  R e v i e w  o f  Ph y topa tho logy  7,147-170.
To i i enaar ,H .  & Houston ,B.R .  (1966). In v i t r o  g e rm ina t ion  o f  uredospores 
o f  Pucc in ia  graminis and Pucc in ia  s t r i i f o rm is  a t  l ow  spore 
densit ies.  Phy topa tho logy  56,1036-1039.
Tu re l ,F .L .M .  (1969). Saprophyt ic  d e ve lopm en t  o f  f l ax  rust Melampsora  
lini race  no. 3. Canadian Journal o f  Botany 47,821-823.
Tu re l ,F .L .M .  6c L ed ingham ,G .A .  (1957). Product ion  o f  aer ia l  m yce l iu m  and 
uredospores by Me lampsora  lini (P e rs . )  L ev .  on f l ax  l ea ves  in 
t issue cu lture.  Canadian Journal o f  M ic rob io logy  3,813-819.
Urban,Z.  (1967). The t axonom y  o f  some European g ramin ico ious  rusts. 
Ceska M y c o lo g i e  21,12-16.
Van der P la n c k ,3.E. (1963). "P lant  Diseases:  Ep idemics  and C on t ro l . "  
A c a d e m ic  Press, N e w  York.
Van der Planck,J.E.  (1975). "Pr inc ip les  o f  P lant  In fe c t i on . "  A c a d e m ic  
Press,  N e w  York .
Wahl,I. , A n iks te r ,Y . ,  Manisterski ,J.  & Sega l ,A .  (1984). Evolut ion at
the c e n t r e  o f  or ig in ,  hi "The  C e r ea l  Rusts";  Volume I (W.R.Bushnei l  
6c A . P . R o e l f s ,  eds. ) ,  pp. 39-77.
Wang,D.,  Hao ,M .S .H. 6c W aygood ,E .R .  (1961) . E f f e c t  o f  b e n z im id azo l e
analogues on s tem  rust and ch lorophy l l  m etabo l i sm .  Canadian Journal 
o f  Botany 39,1029-1036.
113
W aters ,C .W .  (1928). The con tro l  o f  t e l i o spore  and uredin iospore 
fo rm a t ion  by e x pe r im en ta l  methods.  Phytopatho logy  18,157-213.
Watson ,I .A .  (1957). Further  studies on the product ion o f  new races  f rom  
mixtures  o f  races o f  Puccinia gramin is  var .  t r i t i c i  on whea t  
seedl ings.  Phytopa tho logy  47,510-512.
Watson ,I .A.  (1970). Changes in v i ru lence  and populat ion sh i f t  in plant 
pathogens.  Annual  r e v i e w  o f  Ph y topa tho logy  8,209-230.
Watson, I .A .  (1981). Wheat and its rust parasi tes in Austra l ia.  ]n_
"Whea t  Sc ience  - Today and T o m o r r o w "  (L .T .Evans  & W .J .Peacock ,  
eds. ),  pp .129-147.
Watson, ! .A .  <5c Lu ig ,N .H .  (1958). Som at ic  hybrid isat ion in Pucc inia 
graminis t r i t i c i . P roceed ings  o f  the Linnean Soc ie ty  83,190-195.
Watson ,I .A.  & Lu ig ,N .H .  (1968). P rog ress iv e  inc rease  in v i ru lence  in 
Pucc inia gramin is f .sp. t r i t i c i . Phy topatho logy  58,70-73.
W i lc oxson ,R .D . Tu i te ,J .F .  & Tucker,S .  (1958). Uredospore  g e rm  tube 
fusion in Pucc in ia  g ram in is . Ph y topa tho logy  48,358-361.
Wi l l iams ,P .G .  (1971). A  new  p e r spec t i v e  o f  the axen ic  cu lture o f  
Pucc in ia  gramin is  f .sp. t r i t i c i  f r om  uredospores.  Phy topa tho logy  
61,994-1002.
W i l l iams,P .G . (1975). The charac te r i s t i c s  o f  rust fungi  in axen ic
cu l ture .  _ln_ "A d va n ce s  in M yc o lo g y  and Plant Pa th o lo g y "  pp .67-82.
W i l l iams,P .G . (1976). D ev e lop m en t  o f  Pucc in ia  s t r i i f o rm is  on nutr ient  
agar .  A rch iv e s  o f  M ic rob io logy  110,173-175.
W i l l iams ,P .G .  (1984). Ob l i ga te  paras it i sm and axen ic  cu lture.  _In "The  
Ce r ea l  Rusts" ;  Volume I (W.R.Bushnel l  & A .P . R o e l f s ,  eds. ) ,  pp. 
399-430.
W i l l iams ,P .G .  & Har t l ey ,M .J .  (1971). Occur ren ce  o f  diplo id l ines o f  
Pucc in ia  gramin is t r i t i c i  in axen ic  cu lture.  Nature  229,181-182.
W i l l iam s ,P .G., S c o t t ,K.J.  & Kuhl ,J .L.  (1966). V e g e t a t i v e  g row th  o f  
Pucc inia gramin is f.sp. t r i t i c i  In Vitro.  Phytopa tho logy  
56,1418-1419.
W i l l i am s ,P .G., S c o t t ,K.J. , Kuhl ,J .L .  &  Mac lean ,D .J .  (1967). Sporulat ion 
and pa thogen ic i ty  o f  Pucc in ia  gramin is  f .sp. t r i t i c i  g rown on 
a r t i f i c i a l  medium. Phytopa tho logy  57,326-327.
Wilson,E.M. (1958). A spar t i c  and g lu ta m ic  acid  as s e l f  inhibitors o f  
uredospore germ inat ion .  Phy topa tho logy  48,595-600.
Wilson,M. & Henderson,  D.M. (1966). "Bri t ish Rust Fungi . "  Cam br idge  
Univers i ty  Press,  London & N e w  York .
114
W ol f ,G .  (1982). Phys io logy  and b io chem is t ry  o f  spore germ ina t ion .  _In.
"The  Rust Fungi . "  ( K . 3 .Sco t t  & A .K .C h a k ra v o r t y ,  eds. ) ,  pp. 151-178.
Wo l fe ,M .S .  & M a c e r ,R .C .F .  (1964). The use o f  kinet in in the de tached  
l e a f  cu lture o f  Pucc in ia  s t r i i f o rm is . Separate  Print .
W ong ,A .L .  & Wil l ets ,  H.J. (1970). Observat ions  on g rowth  o f  s e l e c t ed  
Austra l ian races  o f  wheat  s t em  rust in axen ic  culture .  Transact ions 
o f  the British M yco lo g i ca l  Soc ie ty  55,231-238.
Wr igh t ,R .G .  (1976). Variat ions in Pucc in ia  s t r i i f o rm i s . P roceed ings  o f
the IVth European and Med it e r ranean C e r ea l  Rusts C o n f e r e n c e , 42-44.
W r ight ,R .G . (1977). C y to l o g i c a l  and g e n e t i c a l  studies on Pucc in ia  
s t r i i fo rm is  W'estend. Ph.D. Thesis,  Edinburgh.
Wr igh t ,R .G .  & Lennnard,J.H. (1980). Orig in o f  a new rac e  o f  Pucc inia 
s t r i i fo rm is .  Transact ions o f  the  British M y c o lo g i c a l  Soc ie ty  
74,283-287.
Wynn,W.K.  & S tap les ,R .C .  (1981). Trop isms o f  fungi  in host recogn i t ion .
In "P lant  Disease Contro l :  Res is tance  and Suscept ib i l i t y . "
(R .C .S tap les  & G .A .Toenn issen ,  eds. ),  pp. 45-69. Wiley,  N e w  York .
Y arw ood ,C .E .  (1946). Detached  l e a f  cu lture.  Botan ica l  R e v i e w  12,1-56.
Zadoks ,J .C.  (9159). On the fo rm a t ion  o f  phys io log ic  races in plant 
paras ites.  Euphytica  8,104-116.
Zadoks ,J .C.  (1972). M e th odo lo gy  o f  ep id e m io l o g i c a l  research.  Annual  
R e v i e w  o f  Phy topa tho logy  10,253-276.
Zadoks ,J .C.  (1985). C e r ea l  rusts, dogs and stars in ant iqu i ty .  C e rea l  
Rusts Bul letin 13,1-10.
Z im m er ,D .E .  Schafer ,J .F .  & Pa t t e rson ,F .L .  (1963) . Mutat ion  for  
v i ru lence  in Pucc inia c o r o n a t a . Phy topatho logy  53,171-176.
115
Allen,P.G. (1965). Metabolie aspects o f spore germination in 
fungi. Annual Review o f Phytopathology 3,313-342.
Dickinson,S. (1949). Studies in the physiology o f obligate 
parasitism. I. The stimuli determining the direction o f 
growth o f the germ tubes o f rust and mildew spores. Annals 
o f Botany 13,89-104.
Dickinson,S. (1970). Studies in the physiology o f obligate 
parasitism. V II. The e ffec ts  o f a curved thigmotropic 
stimulus. Phytopathologische Z e itsch rift 69,115-124.
Dickinson,S. (1971). Studies in the physiology o f obligate 
parasitism. V II I .  An analysis o f fungal responses to 
thigmotropic stim uli. Phytopathologische Ze itsch rift 
70,62-70.
Dickinson,S. (1972). Studies in the physiology o f obligate
parasitism. IX. The measurement o f a thigmotropic stimulus. 
Phytopathologische Ze itsch rift 73,347-358.
Grambow,H.J. & Reisener,H.J. (1976). Differenzierung und 
Wachstum von Puccinia graminis f.sp . t r i t i c i  in v itro . 
Bericht der Deutschen Botanischen^Gesellschaft 89,555-561.
Johnson,T. (1934). A tropic response o f germ tubes o f
urediospores o f Puccinia graminis t r i t i c i .  Phytopathology 
24,80-82.
Lewis,B.G. & Day.J.R. (1972). Behaviour o f urediospore germ 
tubes o f Puccinia graminis t r i t i c i  in re lation  to the fine 
structure o f wheat le a f surfaces. Transactions o f the 
B ritish  Mycological Society 58,139-145.
Shaw,M. (1964). The physiology o f rust uredospores. 
Phytopathologische Ze itsch rift 50,159-180.
A P P E N D I X  1 . 1
L i s t  o f  c e r e a l  v a r i e t i e s  u s e d  i n  t h e  e x p e r i m e n t s :
B a r l e y :  H o r d e u m  v u l v a r e  
Cu 1 t i v a  r
As  t r i x 
Be r a c  
Bi  g o  
Bo 1 i v i a 
C e b a d a  C a p a  
C l  1243  
E g y p t  4 
Go 1 d 
K e g
M a z u r k a  
M i d a s  
Pe  r uv  i a n 
Qu i n n 
R i  ba  r i 
5 i mon 
S ud a n  
Va r  u n d a
Oa t s : A v e n a  s a t i v a  
C u 1t i v a  r
An t h o n y  
A p p 1e r 
Bond  
B o n d v  i c 
L a n d h a  f e  r 
M a r i s  T a b a r d  
S a i a
S a n t a  Fe  
T r i s p e r n i a  
Uk r a i ne  
V i c t o r  i a
R y e  : S e c a  l e  c e r e a l e  
Cu 1 t i v a  r
Domi n i on  
Rhe  i d o  1
T r  i t i c a I e  :
C u 1 t i  v a  r
Bu s h
R e s i s t a n c e  g e n e s  * )
BR 0 ( ? )  ; YR
BR 0 + ) ; Y R
BR 6 Y R 2
BR 6 Y R ?
BR 7 Y R 9
BR 9 Y R ?
BR 8 Y R 9
BR 4 Y R 9
BR 0 Y R 0
BR 9 Y R 1 , 2 (
BR 0 + ) ; Y R
BR 2 Y R ( ? )
BR 5 Y R ( ? )
BR 3 Y R 0
BR 0 Y R 0
BR 1 Y R ( ? )
BR ( ' ?)  ; Y R  2












R e s i s t a n c e  g e n e s  * )
BR 0 + )
BR 0 + )
R e s i s t a n c e  g e n e s  * )
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A P P E N D I X  1 .1  c o n t i n u e d
W h e a t :  T r i t i c u m  a e s t i v u m  
C u 1 t i v a  r
A r m a d a  
C a r s t e n s  V 
Ch i n e s  e 166 
C l e m e n  t 
Compa  i r 
He i n e s V I I  
He i ne s K o I  b e  n 
He i ne  s P e k o  
H u s t l e r  
Hy b r i d 4 6  
L e e  1 
L o n g b o w  
Ma r d 1 e r 
Ma r i s B i l b o  
Ma r i s F u n d i n 
Ma r i s Hun t sman 
Ma r i s R a n g e  r 
M i c h i g a n  Ambe r 
Mo r o
N o r d  D e s p r e z  
No rman 
Rap i e r
R e i c h s b e r g  42 
R i e b e s e l  4 7/31 
S a p p o
S p a l d i n g ' s  P r o l i f i q u e  
S p o r t  sman 
S t r u b e s  D i c k k o p f  
Suwon x Cmar 
V i Imo r i n 2 3 
T r  i t i cum s p e  1 1  a
R e s i s t a n c e  g e n e s  * )
BR 0 + ) Y R  12
BR ( ? )  ; Y R  ?
BR ? YR 1
BR 1 Y R 9
BR ? Y R 8
BR 7 Y R 2
BR 7 YR 6
BR 7 Y R 6 , 1 ( ? )
BR 7 Y R 1 , 2 , 1 3
BR 7 Y R 3b , 4b
BR 0 Y R 7
BR 5 Y R 1 , 2 , 6 , 1 3
BR 5 Y R 1 , 2
BR 2 9;  Y R  14
BR 2 Y R 7
BR 5 Y R 2 , 1 3
BR 8  ( ? ) ; Y R  6
BR 0 Y R 0  + )
BR 7 Y R 1 0
BR 7 Y R 7
BR 2 Y R 2 , 6
BR 7 Y R 2 , 4 ,  ( 1 4 )
BR 7 YR 7
BR 7 Y R 9
BR 3 Y R 0  + )
BR 7 Y R 7
BR 9 Y R 7
BR 7 Y R 7
BR 7 Y R 3 ( ? )
BR 7 Y R 3a  , 4a
BR 7 Y R 3
* )  BR = b r o w n  r u s t  r e s i s t a n c e  
CR = c r o w n  r u s t  r e s i s t a n c e  
YR = y e l l o w  r u s t  r e s i s t a n c e
+ )  U n i v e r s a l l y  s u s c e p t i b l e  c u l t i v a r s .
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A P P E N D I X  1 . 2
L i s t  o f  r u s t  i s o l a t e s  u s e d  i n  t h e  e x p e r i  me  n t s , 
v i r u l e n c e  a n d  o r i g i n :
O a t  c r o w n  r u s t  P . c o r  o n a t a
I s o l a t e  V i r u l e n c e  * )  O r i g i
F i e l d  i s o l a t e  OCV 1 , 2 , 4 , 5  ESA
B a r l e y  b r o w n  r u s t  P . ho  r de  i
I s o l a t e  V i r u l e n c e  * )  O r i g i
R a c e  A  BBV 1 , 4 , 1 0  WPBS
7 6 - 1 2  BBV 1 , 2 , 3 , 4 , 6 , 8 , 9 , 1 0  WPBS
8 3 - 1  BBV 1 , 2 , 4 , 5 , 6 , 8 , 9 , 1 0  ESA
8 3 - 2  BBV 1 , 2 , 4 , 5 , 6 , 8 , 1 0  ESA
R y e  b r o w n  r u s t  P .  r e c o n d  i t a
I s o l a t e  V i r u l e n c e  * )  O r i g i
7 0 - 1  RBV ? WPBS
B a r l e y  y e l l o w  r u s t  P .  s t r i i f o r m i s
I s o l a t e  V i r u l e n c e  * )  O r i g i
R a c e  1 BYV 1 ESA
W h e a t  y e l l o w  r u s t  P .  s t r i i f o r m i s
I s o l a t e  V i r u l e n c e  *  ) O r i g i
R a c e  3 7 E 1 3 2  WYV 1 , 2 , 6  P BI
R a c e  4 1 E 136 WYV 1 , 2 , 3  P B I
R a c e  1 0 4 E 1 3 7  WYV 2 , 3 , 4  PBI
R a c e  1 0 4 E 1 3 7  W WYV 2 , 3 , 4  P B I
R a c e  108E9  WYV 3 , 4 , 6  P B I
P 631 WYV 1 , 2  , 3 , 4 , 6  N I A B
P 7 1 - 493  WYV 1 , 2 ,  3 ,  7 N I A B
P 7 2 - 2 3  WYV 2 , 3 , 4  N I A B
P 7 5 - 2 7  WYV 2 , 3 , 4 , 1 4  N I A B
P 7 6 -  1 5 WYV 2 , 3 , 4 , 8 , ( 9 )  N I A B
P 7 5 -  109 WYV 2 , 3 , 4 ,  6 N I A B
P 8 0 - 2 1  WYV 2 , 4 , ( 6 )  N I A B
P 8 1 - 1 1  WYV 1 , 2 , 3  N I A B
t h e i r  
n + )
n + )
n + ) 
n + )
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A P P E N D I X  1 . 2  c o n t i n u e d
W h e a t  b r o w n  r u s t  P .  t r i t i c i n a
I s o l a t e Vi  r u 1 e n c e  *  ) Or  i g i n
WBRS I k - 2 WBV 5 , 8 , 9 WPBS
WBRS 7 7 - 2 2 WBV ( 1 ) , 5 , 8  , 9 WPBS
WBRS 7 9 - k WBV 2 , 5 , 8  , 9 WPBS
WBRS 7 9 - 2 1 WBV 2 , 3 , 5 , 8  , 9 WPBS
ES A  8 3 - 1 WBV 1 , 2  , 5 , 8  , 9 ESA
ESA  8 3 - 2 WBV 1 , 2 , 3 , 5 , 8 , ( 9  ) ESA
OCV = o a t c r o w n  r u s t  v i r u l e n c e
BBV = b a r  1e y b r o w n  r u s t  v i r u l e n c e
RBV = r y e b r o w n  r u s t  v i r u l e n c e
BYV = b a r  I e y y e l l o w  r u s t  v i r u l e n c e
WYV = w h e a t  y e l l o w  r u s t  v i r u l e n c e  
WBV = w h e a t  b r o w n  r u s t  v i r u l e n c e
+ )  ESA  = E d i n b u r g h  S c h o o l  o f  A g r i c u l t u r e
N I A B  = N a t i o n a l  I n s t i t u t e  f o r  A g r i c u l t u r a l  B o t a n y  
PBI  = P l a n t  B r e e d i n g  I n s t i t u t e ,  C a m b r i d g e  
WPBS = W e l s h  P l a n t  B r e e d i n g  S t a t i o n
119
Methods for  l ight  m icroscopy  (LM ) :
i) S t e reo  m icroscopy :
- Specimens w ere  observed  d i r e c t l y ,  w ithout  prepara t ion  using a 
K y ow a  s t e r eo  m ic roscope  f i t t e d  with glass f iber  inc iden t  l ight  
and dark f ie ld  l ight  sources.
i i)  Transmission m ic roscopy :
- Specimens on agar w e r e  observed  w ithout  prepara t ion,  c o ve r ing  
them  with a m icroscope  c o v e r  slip.
- Spores for  measurements  w e r e  suspended in immers ion  oi l  pr ior  
to  observat ion .
A P P E N D I X  2.1
1 2 0
A P P E N D I X  2.2
Prepara t ion  technique for  f luo res cence  m icroscopy  (C a lc o f lu o r ;  
a f t e r  Rohr inger  e t  al. ,  1977):
a )  Co l l e c t i on  o f  samples:
- cut  l eaves  to approx.  5 mm X 20 mm on agar using scalpel
- t rans fe r  l e a f  sect ions in to  glass via ls  conta in ing  la c to -  
phenoi / e thanol  ( 1 :2 )
b) F ixa t ion  and c lear ing :
- boi l  for  90 s in ia c topheno l  / e thano l  (at  about 81 °C  in 
the water  bath)
- l ea ve  in the f i x a t i v e  for  16 h (overn ight ) .
- wash in 50 % v/v e thano l  2 X 1 5  min.
- wash in 0.05 N N a O H  2 X 1 5  min.
- wash in dist. w a te r  3 X 10 min.
- t rans fe r  to  0.1 M Tris / HC1 b u f f e r  pH 8.5 and l ea ve  for  
30 min.
c)  Staining:
- t rans fe r  to  Ca lc o f lu o r  White M2R N e w  (C y n am id e )  0.1 % in 
0.1 M Tris  / HC1 b u f f e r  pH 8.5 for  5 min.
- wash in dist. w a t e r  4 X 10 min.
- t rans fe r  to  g l y c e r o l  25 % for  30 min.
d) Mounting:
- mount in g l y c e r o l  50 % w ith  1 ml/1 la c topheno l  fo r  p r e se r ­
vat ion
e )  Observat ion :
Slides w e r e  exam ined  using a L e i t z  Or tholux  II m icroscope  
f i t t e d  with ep i f lu o r es cen ce  equ ipment  using a Wotan 
HBO 100 W/2 bulb and ex c i t a t i o n  f i l t e rs  a t  430 and 515 nm and 
barr ier  f i l t e rs  a t  460 and 490 nm.
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A P P E N D I X  2.3
Methods for  scanning e l e c t ron  m icroscopy  (SEM):  
i) F r e e z e  drying
a)  C o l l e c t i on  o f  samples:
- coo l  leaves  to 3-4 °C
- cut leaves  to approx.  5 X 5  mm using scalpel
- im m erse  sect ions  in l iquid ni trogen
- a f t e r  f r e e z in g  trans fe r  to  glass v ia ls p laced  in liquid 
ni trogen  on a meta l  p la te  (brass approx.  5 mm thickness) ,  
insulated by po lys tyrene.
b)  Drying :
- t rans fe r  o f  po lys ty rene  beaker  to  vacuum chamber
- app l i cat ion  o f  vacuum at 0.05 tor r  for  10 to  16 h
- s to rage  o f  the dr ied spec imen in glass v ia ls  o v e r  blue 
s i l ica  gel
c )  Mounting & sputter  coat ing :
- mounting o f  spec imens on to SEM spec imen stubs using double 
sided adhes ive  tape  and co lo id  s i l v e r  to  prov ide  enhanced 
co n ta c t
- coa t ing  o f  spec imens  with gold  for  3 min. in a polaron 
sputter  c o a t e r  at  30 m Am p.  in an argon  a tmosphere .
d) Observat ion :
- observat ion  in a Jeoi SEM a t  an a c ce l e r a t i o n  v o l t a g e  o f  10 
kV.
ii) C r i t i ca l  point  drying
a )  C o l l e c t i on  o f  samples:
- cut  l eaves  to approx.  5 X 5  mm using scalpel
- p r e f i xa t i on  in 2.5 % g iu ta ra ldehyde  in 0.006 M phosphate 
bu f f e r  pH 7.2 for  2 h to a f e w  days
- rinse in bu f f e r  for  6  X 10 min.
b) F ixa t ion  & drying:
- f i xa t ion  in osmium t e t r o x id e  in b u f f e r  conta in ing  50 m M 
M g C ^  for  2  h
- rinse in w a te r  fo r  6  X 10 min
- dehydra te  in e thano l  ser ies at  30, 50, 70, 85, 95 and 100 %,
1 0  min in each  step
- t rans fe r  to c r i t i c a l  point  dryer  in ethano l
-  c r i t i c a l  point  drying in Balzers  C r i t i c a l  point  drying
apparatus using liquid CC> 2
- s to rage  o f  the dried spec imens in g lass v ia ls  o v e r  blue 
s i l ica gel .
c )  & d) as for  f r e e z e  drying.
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A P P E N D I X  3.1
Medium for the axen ic  cu l ture o f  rusts 
(Bushnell, 1968).
- Evans'  Pep tone  0.1 %
- g lucose 3 %
-  C zapek ' s  minera l  salts
- agar  2  %
- adjust  pH to  6.4 using HC1
- au toc la ve  at  121 °C  for  30 min.
A P P E N D I X  3.2
Procedure  used fo r  the G iemsa  stain:
- drying o f  spores on to the m ic ros cop e  s l ide c o v e r e d  with agar
- f i xa t ion  in e thanol  / a c e t i c  acid (3:1) for  12 h
- rinse in 70 % ethano l  2 X 10 min
- rinse in w a te r  2 X 10 min
- hydrolysis  in 1 N HC1 at  60 °C  for  7 min
- r inse in 0.06 M phosphate b u f f e r  pH 7.0 for  3 X 10 min
- t rans fe r  to  G iemsa stain 10 % in the same bu f f e r
for  1 to 4 h
- r inse in b u f f e r  3 X 10 min
- dry spec imens and mount in Entel lan
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A P P E N D I X  4.1
Prepara t ion  technique  for  f luo res cence  m icroscopy  (M i th ramyc in ;  
m od i f i ed  a f t e r  An iks te r ,  1983):
a ) C o l l e c t i on  o f  samples:
- cu t  l eaves  to  approx.  5 mm X 20 mm on agar  using scalpel
- trans fe r  l e a f  sect ions  into glass vials conta in ing  la c to -  
phenol  / ethanol  (1:2)
- p re f i xa t i on  in 5 % g lu tara idehyde  in 0.06 M phosphate 
bu f f e r  pH 7.0 for  30 min.
b) F ixa t ion  and c le ar ing :
- boil  for  90 s in lac topheno l  / ethanol  (at  about 81 °C  in 
the w a te r  bath)
- l ea ve  in the f i x a t i v e  for  16 h (overn ight ) .
- wash in 50 % v/v e thano l  2 X 1 5  min.
- wash in 0.05 N N a O H  2 X 1 5  min.
- wash in dist. w a te r  3 X 10 min.
- t rans fe r  to 0.1 M Tris / HC1 b u f f e r  pH 8.5 and l e a v e  for  
30 min.
c )  Staining:
- t rans fe r  to  C a lc o f lu o r  White M 2R  N e w  (C y n a m id e )  0.1 % in
0.1 M Tris  / HC i  bu f f e r  pH 8.5 for  5 min.
- wash in dist. w a t e r  4 X 10 min.
- t rans fe r  into 100 pg/ml m i th ramyc in  in 0.06 M phosphate
bu f f e r  with 50 m M M g C ^  fo r  10 min.
- r inse in bu f f e r  2 X 10 min.
- t rans fe r  to g l y c e r o l  25 % fo r  30 min.
d)  Mounting:
- mount in g l y c e r o l  50 % w ith  1 mi/1 la c topheno l  for  p re se r ­
vat ion
e )  Observat ion :
Sl ides w e r e  examined  using a L e i t z  Ortholux II m ic roscope  
f i t t e d  with ep i f lu o r es cen ce  equ ipment  using a Wotan 
HBO 100 W/2 bulb and ex c i t a t i on  f i l t e rs  at  430 and 515 nm and 
barr ie r  f i l t e r s  a t  460 and 490 nm.
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N o te  in the Bul letin o f  the  British M y c o lo g i c a l  Soc ie ty  19,68-69.
A  s imple method o f  c o l l e c t in g  spores o f  fungal  l e a f  pathogens 
Stephan H e i f e r
The Edinburgh School o f  A g r icu l tu re ,  West Mains Road,  Edinburgh EH9 3JG
For  many q uan t i ta t i v e  exper im en ts  on a i r -borne  diseases the assessment 
o f  the spore product ion o f  a pathogen  on a host plays an impor tan t  
ro le .  The spore number is a more  sens i t iv e  and mean ing fu l  measure o f  
spore product ion than spore w e igh t  and, pa r t icu la r ly  with l ow  spore 
numbers,  weigh ing  may g i v e  substantial  e r rors  or be im prac t i ca l .
Suct ion methods to c o l l e c t  spores have  been used by a number o f  
r esearchers  ( T e r v e t  e t  a l . , 1951, Err ington and Po w e l l ,  1969, Browder ,
1971, B a r t l e t t  and Bainbridge,  1978). Many o f  the descr ibed  dev ic es  are 
not  suitable for  q uan t i ta t i v e  assessment  when there  a re  f e w  spores or 
are  im pra c t i ca l  for  la rge  numbers o f  m easurements .  This note  descr ibes  
a s imple  method o f  assessment o f  spore numbers. It has been used with 
spores o f  Pucc in ia  and Erysiphe spec ies ,  g iv ing  cons is tant  results.
A  1000 pi plast ic  p ip e t te  t ip which has been s l ight ly  bent  by heat 
is c o a t e d  on the inside w ith  a m inera l  or v e g e t a b l e  o i l  o f  med ium 
v iscos ity .  The p ip e t t e  t ip is then connec ted  to  a vacuum pump se t  a t  a 
low  suction pressure (-25 mm Hg)  and the spores a re  drawn in, mov ing  
the t ip o v e r  the l e a f  with the inle t  1-2 mm f rom  the l e a f  sur face .
A f t e r  the co l l e c t i on  the p ip e t te  tip is rinsed with  a de f ined  amount o f  
o i l  (200-100 pi), the spores are e v en ly  suspended and suspension samples 
a re  counted in a h a e m o c y t o m e t e r .  The method  is par t icu la r ly  useful  for  
de tached  l eaves  and smal l  trials,  where  one l e a f  represents  one 
r ep l i ca te .  Up to 100 assessments can eas i ly  be done within one day.
A t  a suct ion pressure o f  -25 mm Hg the air speed a t  the in le t  o f  
the p ip e t t e  is around 56 m/s, at the ou t le t  around 0.55 m/s. Contro l  
e xpe r im en ts  showed that a t  this se t t ing  only f e w  spores (5%) escaped 
into a f i l t e r  which was a t tached  to the ou t le t  o f  the p ip e t te .
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A bs t rac t  o f  a paper g iven  at  the VI th European and Med i te r ranean  
C e r ea l  Rusts C o n f e r e n c e  in Gr ignon (F rance ) ,  4-7 Sep tem ber  1984.
In fec t ion  responses to d i f f e r e n t  le ve ls  o f  inoculum dens ity in Pucc in ia  
hordei  and Pucc inia s t r i i fo rm is  on bar ley .
S. H E L F E R
D epar tm ent  o f  Appl i ed  P lant  Sc ience ,  The Edinburgh School o f  
Agr icu l tu re ,  West Mains Road,  Edinburgh EH9 3JG, Scot land
Uredin iospore  suspensions o f  Pucc in ia  hordei  and Pucc in ia  
st r i i f o r m i s , made up a t  var ious concen tra t ions  ranging  f r om  1 to 1140 
spores / c m 2, w e r e  appl ied to both plants and de tached  l e a f  segments  o f  
fu l ly  suscept ib le  cu l t ivars  o f  Hordeum vu lga r e . A f t e r  spray inoculat ion  
the plants or l eaves  w e r e  kept  in a con tro l l ed  en v i r onm en t  and 
r egu la r ly  sc reened  for  the progress o f  in f ec t ion .  The r a t e  o f  
penet ra t ion  was assessed by scanning e l e c t r on  m ic roscopy  and, f rom  the 
onset  o f  sporulat ion,  spore product ion was moni to red .
Pre l im inary  exper im en ts  with  s ingle spore inoculum showed that  the 
tw o  rust spec ies exh ib i ted  d i f f e r e n t  patte rns o f  co lon isa t ion :  P. 
s t r i i fo rm is  g a v e  many init ia l  sori f r om  e v e r y  successfu l  penet ra t ion  
whi le  P. hordei  produced only one ini t ia l  sorus. In the  case  o f  P. 
hordei g erm ina t ion  ra te  and ra te  o f  pene t ra t ion  o f  host t issues w e r e  
in f luenced by the inoculum density.  Germ ina t ion  rates  increased  with 
dens ity up to 100 spores / c m 2 and then dec l ined  s l ight ly  : penet ra t ion  
ra t e  inc reased  with increasing density up to  250 spores / c m 2. The 
actua l  spore product ion was highest a t  an inoculum density o f  around 
250 spores / c m 2. C omparab le  studies a re  in progress with P. 
s t r i i fo rmis .
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